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ABSTRACT 
 
Laser micromachining (LMM) is an attractive manufacturing technology for the fabrication of 
a wide range of micro-components due to its intrinsic processing attributes for : (i) non-
contact machining that can be used to structure/process a wide range of materials; (ii) 
producing complex free-form (3D) structures that incorporate multi-length scale features with 
complex geometrical designs; and (ii) in-situ selective functionalization of free-form surfaces. 
In addition, LMM can be integrated in hybrid manufacturing platforms and/or process chains 
and thus to combine LMM with other complementary processes for the cost effective 
fabrication of a broader range of miniaturised products for various industrial sectors, e.g. 
micro-electromechanical systems, micro-sensor systems, microelectronics, smart 
communication systems and biomedical devices. Nevertheless, the broader industrial uptake 
of LMM both as standalone fabrication solutions and also as a constituent processing 
technology in hybrid manufacturing routes and process chains is still to come due to system-
level issues in designing and implementing LMM systems, which affect adversely the LMM 
process predictability and reliability. 
In this context, the research reported in this thesis  aims at improving the system-level 
performance of reconfigurable LMM platforms and thus to create the necessary pre-requisites 
for achieving a much better machining accuracy, repeatability and reproducibility (ARR) in 
different processing configurations. First, a systematic approach for assessing and 
characterizing the manufacturing capabilities of LMM platforms in terms of machining 
accuracy, repeatability and reproducibility (ARR) is proposed and thus to quantify the 
contributions of their key component technologies towards the resulting overall  machining 
performance. The results from the quantitative evaluations of the ARR capabilities of LMM 
systems’ key component technologies imply that state-of-art LMM systems do not have the 
technology maturity level of well-established micromachining processes, e.g. milling, and 
thus further system-level developments are required in order to improve the overall machining 
ARR of LMM platforms, especially when optical axes are employed during the laser 
processing operations. 
 Motivated by the results of the systematic quantitative study, the development of generic 
integration tools for improving the system-level performance of reconfigurable LMM 
II 
 
platforms in terms of manufacturing flexibility and reliability both as stand-alone machine 
tool configurations and also as component technologies in multi-process manufacturing 
solutions is presented. In particular, the research presents two generic integration tools: (i) a 
modular workpiece holding device that allows different LMM configurations to be realised, 
e.g. the machining of complex prismatic and axis-symmetric parts, while delivering positional 
ARR better than +/- 1 µm, respectively and (ii) an automated workpiece setting up routine 
that can be applied for the LMM of complex free-from parts without the use of datum marks, 
while delivering alignment ARR better than +/- 4 µm, respectively. 
Next, generic software tools are developed and validated for improving the manufacturing 
capabilities of LMM systems for realizing complex multi-axis laser processing strategies with 
a closed-loop manufacturing control and thus to produce multi length-scale functional features 
with the required level of ARR. More specifically, the research presents two generic software 
tools, which can substantially improve the manufacturing capabilities of reconfigurable LMM 
systems in terms of machining throughput and complexity of the laser manufacturing 
operations. The two generic software solutions are: (i) a software tool to counteract the 
negative dynamic effects of optical scanning head systems and thus to improve significantly 
the laser machining accuracy, quality and efficiency of LMM platforms and (ii) an automated 
strategy for multi-axis LMM with rotary stages for performing demanding complex 
machining routines with machining ARR better than +/- 6.5 µm, respectively. The achieved 
manufacturing improvements with the developed software tools are achieved by 
implementing ‘’adaptive’’ postprocessors as stand-alone software solutions and thus users can 
benefit from the two software tools regardless of their knowledge and experience with any 
given LMM systems. 
Finally, the research demonstrates that the utilization of the developed tools and techniques 
leads to improved system-level machining performance of LMM systems in terms of 
manufacturing flexibility, robustness, operability and reliability and thus they create sufficient 
laser processing capabilities for the fabrication of miniaturised products with complex 
geometrical designs and multi-length scale functional features, e.g. Terahertz technology 
devices.  
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CHAPTER 1 
INTRODUCTION 
 
1.1 Motivation 
Design for manufacturing  is a product development philosophy, which postulates that 
industrial products designs are governed by manufacturing systems’ capabilities [1] and thus 
their processing limitations define the boundaries of engineering ingenuity, implemented in 
new products designs. Technological advances across different application areas, e.g. micro-
electromechanical systems, micro-sensor systems, microelectronics, smart communication 
systems and biomedical devices, have driven the demands for product miniaturization, 
increased accuracy and precision of products while satisfying constantly growing 
requirements for production efficiency and reliability and improved environmental footprint 
[2 - 4]. To address both product and process development requirements underpinning the 
product miniaturisation trends, considerable research efforts are focused on increasing the 
capabilities of various manufacturing processes such as milling, forming, additive 
manufacturing and laser processing. Also, this includes the development of hybrid 
manufacturing platforms and process chains that combine innovatively the capabilities of 
complementary processes and thus to exploit the advantages offered by their standalone 
solutions while overcoming some of their shortcomings [2]. 
Laser micromachining (LMM) is a research and development area that has been attracting a 
significant interest both from research communities and industry due to its appealing intrinsic 
machining characteristics such as non-contact processing, capabilities to machine complex 
free-form (3D) surfaces in a wide range of materials. In addition, its possible integration in 
hybrid manufacturing platforms and process chains and thus to combine LMM with other 
complementary processes and address a broader range of application/product specific 
requirements is even more commercially attractive for industry. Other important reasons for 
the consistently growing interest in LMM are the advances in the laser processing technology. 
In particular, these advances allows LMM to meet manufacturing requirements for increased 
throughput and quality of miniaturised products that incorporate functional features across 
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different length scales and geometrical complexity while extending the process capabilities 
for in-situ selective surface treatment and functionalization [5,6]. However, as it is disclosed 
in more detail in Chapter 2, the broader industrial uptake of this attractive manufacturing 
technology both as a standalone fabrication system and also as a component in hybrid 
manufacturing solutions and process chains is still to come due to various open issues related 
to the process fundamental characteristics, process predictability and process reliability [7, 8].  
1.2 Research aims and objectives 
The research aim and objectives of the work reported in this thesis are driven by the necessity 
to address a number of system-level issues in the design for implementation of LMM systems, 
which could broaden their manufacturing capabilities. Thus, engineering ingenuity will be 
encouraged by increasing laser process flexibility and reliability in fabricating different 
products regardless of their design complexity. The overall aim of this research is to improve 
the system-level performance of reconfigurable LMM platforms and thus to create the 
necessary pre-requisites for increasing their machining accuracy, repeatability and 
reproducibility (ARR) in different processing configurations. The development and validation 
of such reconfigurable LMM platforms is important:  
a. to capitalise on the latest advances in LMM component technologies, i.e. high dynamic 
optical beam delivery system, ultrafast (pico and femto second) laser sources with high 
repetition rates (MHz);  
b. to broaden the application areas of standalone LMM systems;  
c. to create capabilities for integrating LMM modules in multi-process production lines and 
thus to extend the capabilities of industrially proven conventional manufacturing routes 
such as micro milling for the cost effective fabrication of high-value miniaturized 
products that incorporate complex multi length-scale (micro-and meso-scale) functional 
features.  
To realise this overall aim, open research issues were identified (Chapter 2) that provided the 
motivation for defining the following main objectives of the research reported in this thesis: 
 Objective 1: To develop and implement a systematic approach for assessing and 
characterizing the manufacturing capabilities of LMM platforms in terms of machining 
accuracy, repeatability and reproducibility (ARR); 
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Objective 1 has driven the research efforts to address Key Research issue 1 identified in 
Chapter 2: 
 Lack of sufficient knowledge about the manufacturing capabilities of LMM systems in terms 
of machining accuracy, repeatability and reproducibility (ARR). Even though two studies 
have reported qualitative evaluations of the technological maturity levels of LMM systems 
[100, 123], there is not a comprehensive analysis of their ARR capabilities yet, which can 
clearly quantify the contributions of the integrated component technologies to the observed 
overall machining performance. Thus, comprehensive quantitative studies focused on LMM 
systems ARR capabilities are of high importance for identifying critical performance issues 
associated with their components technologies and thus to improve their overall 
manufacturing capabilities. In addition, such comprehensive quantitative studies could also 
provide valuable information for identifying system-level integration issues in state-of-art 
LMM platforms, which impair the synergistic functioning of their integrated component 
technologies. 
 Objective 2: To design, implement and validate generic integration tools for 
reconfigurable LMM platforms which can improve their system-level machining 
performance in terms of  manufacturing flexibility and reliability both as stand-alone 
machine tool configurations and also as constituent manufacturing technologies in multi-
process production lines; 
Objective 2 has driven the efforts to address Key Research Issue 2 identified in Chapter 2: 
Lack of generic integration tools, which can enhance the reconfigurability, modularity and 
reliability of laser micro-processing platforms. In particular, such integration tools should 
offer capabilities for automated geometrical registration of a workpiece in LMM systems 
prior to executing the machining operations, because the accurate alignment of parts is of 
critical importance for achieving the required level of machining ARR. In addition, the 
integration tools should create capabilities: (i) to enable highly accurate and precise 
positioning of workpieces in LMM platforms; (ii) to provide sufficient flexibility for realizing 
various LMM configurations; (iii) to provide the required modularity in integrating LMM 
modules with different primary shaping, processing and inspection stages in multi-process 
manufacturing platforms. 
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 Objective 3: To design, implement and validate generic software tools for reconfigurable 
LMM modules that create the capabilities for realizing complex multi-axis laser 
processing strategies with a closed-loop manufacturing control and thus to enable a 
flexible and robust LMM technology for the fabrication of multi length-scale functional 
features with the required level of ARR; 
Objective 3 has driven the research efforts to address Key Research issue 3 identified in 
Chapter 2: 
Lack of generic software tools to address the open-loop control issues of LMM systems and at 
the same time to increase their manufacturing flexibility by creating capabilities for realizing 
complex multi-axis laser processing strategies.  In particular, such tools should be designed 
and implemented: (i) to improve the laser micro processing throughput; (ii)  to improve the 
closed-loop manufacturing control of LMM systems; (iii)  to improve ARR in various multi-
axis LMM configurations. 
Objective 4:  To develop and demonstrate novel multi-process manufacturing platforms that 
integrate LMM technology as a key product enabler and thus to extend the capabilities of 
industrially proven conventional manufacturing processes such as micro milling for producing 
high-value miniaturised products like Terahertz (THz) technological devices which have 
complex and challenging-to-fabricate functional features and overall geometrical designs. 
Objective 4 has driven the research efforts to address Key Research issue 4 identified in 
Chapter 2: 
Lack of sufficient implementation strategies of the laser micro-processing as a modular 
technology that can be seamlessly integrated in multi-process manufacturing platforms and 
thus to provide the required manufacturing complementarity to other micro-scale processing 
technologies for the fabrication of complex products with multi-length scale functional 
features. 
 
5 
 
1.3 Thesis organization 
The thesis consists of seven interconnected chapters in order to ensure that the research 
objectives are achieved. The links among the chapters in the thesis are illustrated in Figure 
1.1. 
 
Figure 1.1 Overall structure of the research and the links between the chapters in the thesis 
The research findings that led to the claimed contributions to knowledge are reported in 
Chapters 4 to 7. The current Chapter introduces the research objectives of the work,  Chapter 
2 reports the carried out literature review and Chapter 3 describes the experimental equipment 
and methods utilized in the research. Chapter 8 summarizes the contributions to knowledge, 
main conclusions and suggests direction for future research work. More detailed description 
of the contents of each chapter is provided below. 
Chapter 2 presents a literature review of the laser manufacturing technology in order to 
identify key machine tool performance issues of LMM platforms that are the focus of the 
research reported in the thesis.  
Chapter 3 provides a detailed description of the equipment, which has been used to perform 
the experimental work and also introduces generic experimental methods used to achieve the 
research objectives. 
Chapter 4 reports a systematic quantitative study that investigates the effects of key 
component technologies on manufacturing capabilities of state-of-art LMM systems in 
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regards to their machining ARR. In addition, the chapter introduces an experimental method 
that can be used to quantify the dynamic capabilities of z-modules and thus to judge about 
their negative effects in LMM of complex free-form (3D) surfaces. 
Chapter 5 is dedicated to the development of generic integration tools, which address 
system-level issues of LMM platforms that has negative impact on their machining 
performance in terms of process operability and robustness both in the stand-alone machine 
tool configurations and also as an integrated manufacturing sub-system in multi-process 
production platforms. 
Chapter 6 is focused on the development of generic software tools, which can substantially 
improve the manufacturing capabilities of LMM systems in terms of machining throughput 
and complexity of the laser manufacturing operations and thus to provide the necessary level 
of reconfigurability in addressing challenging technological requirements of micro-scale 
products across different application areas. 
Chapter 7 demonstrates the capabilities of the proposed generic system-level tools and 
techniques reported in Chapters 4 and 5 to enhance the machine tool performance of LMM 
systems in regards their process reliability, robustness, reconfigurability and flexibility. In 
addition, this chapter reports a pilot implementation of a LMM system as a modular 
manufacturing technology. In particular, a pilot system that can be seamlessly integrated in 
multi-process manufacturing system and thus to extend the capabilities of well proven 
conventional manufacturing routes, i.e. mechanical machining, and also to provide the 
required manufacturing capabilities for producing complex products with multi-length scale 
(micro-and meso-scale) functional features, i.e. Terahertz technology devices. 
Chapter 8 summarises the main contributions to knowledge and conclusions of the research, 
and also proposes some recommendations for further research work that can improve the 
technological maturity level of LMM platforms. 
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CHAPTER 2 
LITERATURE REVIEW 
 
Outline of the chapter 
This chapter presents a literature review of the laser manufacturing technology. In particular, 
the carried out literature review was focussed on (i) investigation of the fundamental laser-
material interaction phenomena (ii) review of both well-established and potential  industrial 
applications of the laser processing technology, (iii) review of laser processing  platform 
implementations and their key machine tool performance issues and (iv) investigation of 
critical system-level requirements for laser micro-processing platforms both in  stand-alone 
machine tool configurations and also as an integrated component technology in multi-process 
manufacturing solutions. Finally, the chapter concludes with a summary of open research 
issues, which provide motivations for the work reported in the rest of the thesis.  
 
2.1 Laser machining process  
2.1.1 Fundamentals of pulse laser-material interaction 
Classifications of advanced machining processes reveal that laser machining is a non-
conventional thermoelectric manufacturing process [9], which utilizes a highly collimated, 
monochromatic and coherent laser light beam to remove matter from a material substrate [10, 
11]. When a laser beam is irradiated on material surface, the physical phenomena of the laser 
material interaction region can be categorized as reflection, absorption, scattering and 
transmission [12]. However, induction of any effect in the workpiece is only possible through 
the absorbed energy portion of the laser beam, while the other portions of the irradiated 
energy (reflection, scattering and transmission) do not contribute to the laser material 
interactions [12]. In particular, absorption of a high energy density laser beam in a material 
workpiece surface leads to heating of the material and transforming it into a molten, vaporized 
or chemically changed state that is removed from the substrate [13]. The material removal 
process is explained with excitation of material electrons by laser photons followed by heating 
of the electron subsystem and transferring of the heat to the material lattice due to electron-
electron excitation and electron-hole recombination (Auger process) [14]. The material 
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electron excitation and de-excitation process occurs over a very short time span and thus the 
laser–matter interaction within the near surface region achieves extreme heating and cooling 
rates (103 – 1010 K s-1), while the bulk of the substrate is not affected [14]. Important 
parameters which influence the laser machining process are related both to laser source 
characteristics and material optical and thermal properties [15]. In particular, significant laser 
source parameters include wavelength, pulse energy and pulse duration, while significant 
material properties include thermal conductivity, thermal diffusivity and absorptivity [12, 16].  
Depending on the heat diffusion time of the material and the pulse duration of the laser 
source, two laser material interaction mechanisms can be distinguished: photothermal process, 
characterized with short pulse durations (ns and longer) that are longer than the material 
thermalization time (material characteristic time for electrons and phonons to reach 
equilibrium) and photochemical process, characterized with ultrashort pulse durations (ps and 
fs) that are shorter than the material thermalization time [16-18]. The photothermal laser 
process is usually explained with the classical linear light absorption theory, namely the Beer-
Lambert law, which states that the absorption of a specific wavelength of light transmitted 
through a material is a function of the material path length, and is independent of incident 
intensity [19, 20]. Thus, in the nanosecond laser processing regime, the material is firstly 
melted and then evaporated from liquid state [21].  Due to its thermal nature, laser processing 
with short pulses (ns and longer) have important machining drawbacks such as the existence 
of heat-affected zone (HAZ), the formation of recast layer around processed area, the 
existence of micro cracks and shock wave induced surface damages as shown in Figure 2.1a 
[12, 14, 15, 22].   
In contrast, the photochemical laser process is characterized with non-linear absorption 
phenomena due to the extremely high energy intensities of the ultrashort laser pulses [15, 18, 
23, 24]. Two material removal mechanisms are existent in the photochemical laser process, 
namely the avalanche ionization and multiphoton absorption with the multiphoton ionization 
being the dominant process [25]. In avalanche ionization, the ionization of bound electrons is 
achieved through their collision with highly excited free (seed) electrons, leading to two free 
electrons, which in turn absorb more photons of light, gain kinetic energy and collide with 
other bound electrons, that lead to a large number of electrons in the conduction band [26, 
27]. In multiphoton absorption, the bound electrons of the material can be directly freed from 
the valence band by absorbing multiple photons [28, 29].  The direct ionization and the 
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formation of dense electron-hole plasma lead to athermal material transformations – bond 
breaking and explosive disintegration of the lattice through electron repulsion (Coloumb 
explosion), which makes it possible to process any material including transparent substrates 
such as glass [30]. Thus, at sufficiently high energy intensities, laser ablation with ultrashort 
pulses is characterized by phase explosion, in particular collective transition from solid phase 
directly to a gaseous phase (sublimation) and thus suppressing the melting phase from the 
laser ablation which allows obtaining a very high precision and clean manufacturing process 
[31]. Due to its non-thermal nature, advantages of laser processing with ultrashort pulses (ps 
and fs) include very minimized thermal damage in the processed materials, a nearly melt free 
ablation process, capability to process optically transparent materials, highly localized 
ablation process, minimum HAZ and absence of recast layer  as shown in Figure 2.1b [32, 
33]. For example, in a study dedicated on the comparison of heat-affected zones in materials 
processed with nanosecond and femtosecond laser pulses, it was demonstrated that by 
employing a femtosecond laser source the thermal effects were significantly reduced, i.e. the 
width of the HAZ was reduced to less than 2 µm in comparison to the 40 µm wide HAZ 
observed with the nanosecond laser pulses [34]. Figure 2.1 depicts the characteristic 
differences in the laser ablation mechanisms with short pulses (ns and longer) and ultrashort 
pulses (ps and fs). In particular, Figure 2.1a shows that the HAZ is significantly more 
pronounced in the photothermal process in comparison to the HAZ in the photochemical 
process (Figure 2.1b). 
 
Figure 2.1 Laser ablation mechanism with (a) short pulses (ns) and (b) ultrashort pulses (ps 
and fs) [15] 
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Taking into account the fundamental physical processes behind pulsed laser material 
processing, it can be observed that the attractiveness of this manufacturing process is 
embedded in its flexible intrinsic characteristics to address diverse material-specific 
manufacturing requirements such as laser processing of optically transparent, hard and brittle 
materials and thus the industrial uptake of this technology can be considered very attractive 
for a wide range of micro applications. 
2.1.2 Applications 
A global market report on laser applications by segments reveals that the  industrial uptake of 
lasers include diverse application areas such as military, optical storage, instrumentation and 
sensors, medical, lithography, communication, displays, printing, lithography and material 
processing [35].  Market growth rates are especially impressive for laser micro processing, 
because it is becoming a key enabling product manufacturing technology due to its 
capabilities to address the growing demands for products miniaturization across different 
industries like mobile communication, healthcare and transportation [36]. In 2012, financial 
reports put a total market value of € 7.9 billion for laser materials processing systems, which 
represents a twentyfold increase within the past 20 years and accounts for no less than 12 % 
of the worldwide machine tool market [36-38].  Main application areas of laser micro 
processing could be summarized as topographic surface laser modifications [14, 16], laser 
micro-drilling [27, 32], laser transmission micro-joining and 3D LMM [39-41].   
Important application examples in the field of topographic surface laser modifications include 
localized laser micro-polishing through remelting [42],  surface texturing for tribological 
performance improvements [43] and generation of self-organized laser induced periodic 
surface structures (LIPSS) for optical and wetting properties functionalization of materials 
surfaces[44].  
Localized micro-polishing through remelting has been successfully reported for diverse range 
of materials like metals [45] , glasses and thermoplastics [42], but it is applicable to surface 
with low initial surface roughness, i.e. surface structures with lateral dimensions of up to 
40μm [42]. Typical polishing rates are in the range between 0.005 and 0.1 cm2/sec [42], while 
improvements in surface topography are strongly dependent on the initial surface roughness, 
the laser pulse duration, the spatial laser beam intensity distribution and the employed laser 
beam movement strategies [46]. For example, 72% improvement in average surface 
roughness of micro end milled Ti6Al4V is reported through careful optimization of the nano-
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second laser micro-polishing process [47]. Figure 2.2 also shows that a reduction in surface 
roughness of over 90% (from ~2.4 to ~0.24 µm Sa) could be obtained on 3D printed stainless 
steel (SS316L) specimens, when the optimum laser process settings were applied [Publication 
11 from the List of Publications]. 
 
Figure 2.2 (a) SEM micrographs of laser polished stainless steel surface, (b) Laser polished 
regions on 3D printed stainless steel part, (c) Surface roughness (Sa) on the laser polished 
regions and (d) on the base material [Publication 11 from the List] 
Laser surface texturing for tribological improvements represents the process of generating 
geometries (i.e dimples with diameter in the range of 50-300 µm and depth in the range of 5-
80 µm) on materials surfaces both in static and dynamic surface contact regimes, where key 
parameters for friction improvements are the dimple density, diameter and depth [43]. In 
dynamic contact applications, the produced micro-dimples can serve as a micro-
hydrodynamic bearing in cases of full or mixed lubrication, a micro-reservoir for lubricant in 
cases of starved lubrication conditions, and a micro-trap for wear debris in either lubricated or 
dry sliding regimes [48]. In static surface contact applications, the micro-dimples are used to 
increase the hydrostatic pressure between stationary (non-moving) mated surfaces [49] and 
thus to improve the adhesion between the mated surfaces. Well-known industrial applications 
of laser surface texturing include reduction of friction through laser texturing of cylinder liner, 
piston rings and thrust bearings in automotive industry [50, 51], laser texturing of mechanical 
seals for improving their reliability  at petrochemical refinery plants [52, 53] and laser 
texturing of cutting tools for wear improvements and built-up edge stabilization in 
conventional turning operations [54]. Figure 2.3 demonstrates that the laser texturing of piston 
rings could reduce the friction forces in automotive engines and thus to improve their fuel 
12 
 
economy. In particular, Figure 2.3b shows that the laser textured piston rings (shown in 
Figure 2.3a) exhibited about 25% lower friction in comparison to non-textured piston rings 
[51]. 
 
Figure 2.3 (a) Schematics of a partial laser textured engine piston ring segment and (b) 
measurement of the average friction force versus crank rotational velocity for non-textured 
piston rings and for the partially textured piston rings [51] 
LIPSS or ripples are low spatial frequency and high spatial frequency laser-induced surface 
structures that can appear on various metallic, ceramic, semiconductor and glass surfaces 
when they are irradiated with ultrashort pulses at fluences (energy density) near the material 
ablation threshold [27,33].Even though formation of LIPSS is not completely understood and 
its fundamental physical explanation is still under debate [27, 33], experimental investigations 
have reported that their formation on material surfaces is highly dependent on laser irradiation 
dose (accumulated energy in the material), polarization and wavelength of the incident laser 
beam [55]. In particular, the laser energy dose controls the geometry and size of the LIPSS 
[55, 56], while the polarization and the wavelength of the laser beam determine their 
orientation and periodicity, respectively [55, 57].  Utilization of LIPSS for functionalization 
of the wetting and adhesive properties of materials surfaces have been reported for a number 
of application areas such as self-cleaning products [33], increased corrosion resistance of 
metallic products [58, 59], cutting tools with improved anti-adhesive properties [60], 
biomaterial surfaces with enhanced cell adhesion properties [61], improved adhesion of 
medical implants surfaces [33], and Li-ion batteries with significantly improved capacity 
retention [62]. For example, Figure 2.4 exemplifies that generation of LIPSS on cutting tools 
significantly improves the anti-adhesiveness at the tool chip interface (as shown in Figure 2.4 
c and d), which can potentially reduce the breakages of cutting tools [60]. A well-known 
industrial example of LIPSS for functionalizing the optical properties of material surfaces is 
their application for improving the efficiency of photovoltaic cells by enhancing the light 
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trepanning properties of silicon [63]. Other interesting applications of LIPSS are their 
utilizations on glass substrates as micro-fluidic and nano-fluidic channels [64].  
 
Figure 2.4 Schematic illustrations of a cutting tool: (a) Conventional cutting tool, (b) Cutting 
tool with LIPSS; The tool rake after cutting for 1800 m of (c) conventional cutting tool and 
(d) cutting tool with LIPSS [60] 
Laser micro drilling is the process of producing blind or through micro holes on variety of 
materials such as metals [65], ceramics [66], glasses [67] and polymers [68], where critical 
hole parameters such as hole taper, precision and throughput can be controlled very accurately 
to address technical requirements for different industrial products [14].  The high flexibility of 
laser drilling in addressing holes with different geometrical requirements is ensured through 
the employment of different drilling techniques such as single shot and percussion drilling 
[69], helical drilling [70] and trepanning [71]. Major application areas of laser micro-drilling 
are in aeronautic, automobile, semiconductor and biomedical industries [72]. Specific 
industrial laser drilling application examples include drilling of large numbers (~100000) of 
closely spaced cooling holes in turbine engine components such as airfoils, nozzle guide 
vanes and combustion chambers [73], laser drilling of microvia holes and channels in silicon 
wafers for microelectronic devices [74], inkjet printer nozzle drilling (shown in Figure 2.5 a 
and b) [75] and multiple hole drilling of drug delivery catheters (shown in Figure 2.5 c and d) 
[75, 76]. 
14 
 
 
Figure 2.5 (a) Array of 30µm diameter ink jet printer nozzles drilled in polyimide, (b) Array 
of nonlinear tapered nozzles aiding laminar fluid flow, (c) Hole in the side of a bilumen 
catheter for monitoring blood in prematurely borne babies and (d) Rectangular 50x20µm 
holes drilled in 100µm fibers for PaO2 & PaCO2-sensors [75] 
Laser transmission micro-joining is the process of welding two stacked substrates (top 
substrate is partly transparent to the laser radiation while the bottom absorbs it) by irradiating 
a laser beam at their interface where due to heat conduction processes and melting of the 
bottom substrate the adjacent transparent part is also heated up and melted and thus the 
material within the contact area is mixed up before it solidifies [39]. Figure 2.6a shows the 
working principle of laser transmission micro-joining. Important functional parameters that 
determine the strength of the weld are contact pressure between the two substrates, their 
surface roughness and their optical and thermal properties, wavelength of the laser beam and 
laser radiation intensity [39, 77, 78]. The laser transmission micro-welding has been 
successfully reported for a number of material combinations such as glass on glass (B270 
glass on silver nanoparticles composite glass) [79], glass on silicon (borosilicate glass on 
boron doped silicon) [80] and polymer on polymer (Plexiglas PMMA with Polypropylene PP) 
[81]. Well-known industrial applications of laser transmission micro-joining process are 
welding of polymers for packaging of disposable microfluidic-biochips with near-infrared 
fiber lasers (as shown in Figure 2.6 b) [81] and welding of glass on silicon for packaging of 
microsystems [80]. 
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Figure 2.6 (a) Principle of laser micro-joining and (b) PMMA microfluidic device sealed with 
a transparent cover foil [81] 
In its broadest definition, LMM is the process of controlled non-contact removal of material 
with extremely high precision in order to address the fabrication of complex 3D miniaturized 
structures for various industries like biotechnology, microelectronics, telecommunication, 
microelectromechanical systems (MEMS), biomedical applications and fine mechanics. [10, 
11, 12-15, 27, 31, 33, 36, 82, 83]. With the advent of different laser sources, that operate at 
short and ultrashort laser pulse durations and have wavelengths from UV to the far-infrared 
regions of the electromagnetic spectrum, there are no limitations on material choice for the 
LMM process [14, 84]. A list of selected application examples include LMM of ultrafine 
biodegradable medical implants such as stents (as shown in Figure 2.7a)[85, 86], ophthalmic 
lenses [87], and biomaterial scaffolds for improved cell proliferation in tissue 
engineering[88], LMM of ceramic MEMS platforms working under harsh environmental 
conditions for semiconductor and thermocatalytic sensors of combustible gases, gas fire 
detectors, and electrochemical sensors of oxygen [89], laser fabrication of waveguides and 
microfluidic channels for optofluidic Lab-on-Chip devices used for the sensing and 
manipulation of biomolecules and cells confined in micro channels [90, 91] and laser 
production of complex injection moulding replication masters with micro- and nano-scale 
features on innovative bulk metallic glass materials (as shown in Figure 2.7b) [92]. Other 
interesting application examples of LMM can be found in the field of biomimetic [93], 
jewellery [94] and fine mechanics [75]. It should be noted that the literature review on 
application areas of LMM reveals that there are trends are towards lasers with ultrashort 
pulses and shorter wavelengths due to their capabilities for cold material processing, which 
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allows the precise fabrication of intricate 3D structures with sub-diffraction dimensions. Thus, 
ultrashort laser processing can be applied to fabricate of features as small as 20 nm [95-97].   
 
Figure 2.7 Picosecond laser micromachining of (a) coronary stents [86] and (b) replication 
master with micro- and nano- scale features [92] 
2.2 Laser micromachining platforms 
To benefit from the intrinsic appealing characteristics of lasers, they have to be integrated in 
complex micro-processing platforms and thus to fulfil the requirements of different industrial 
applications (presented in Section 2.1.2). Main deterministic factors, which drive the designs 
and implementations of such LMM platforms, are the length scale of features and the 
geometrical complexity of the parts to be processed together with their technical requirements 
for accuracy, precision and surface topography [98]. The following subsections will attempt 
to provide a snap shot of the state-of-art in LMM platforms in terms of their machine tool 
performance related to the manufacturing robustness, reliability and complexity (Section 
2.2.1). In addition, requirements for laser micro-processing configurations both in stand-alone 
systems (Section 2.2.2) and also as an integrated manufacturing technology in multi-process 
fabrication platforms (Section 2.2.3) will be discussed. Thus, key issues in LMM platforms, 
which hinder the overall process reliability and flexibility can be identified to motivate the 
system-level development work reported in Chapters 4 and 5 of the thesis.   
2.2.1 Key performance issues of laser processing platforms 
As communicated in Section 2.1 above, laser micro-processing is a research and development 
manufacturing area that has been attracting a significant interest both from the research 
community and industry (discussed in Section 2.1.2) due to its appealing capabilities 
(presented in Section 2.1.1) such as non-contact processing, machining of complex free-form 
(3D) surfaces in a wide range of materials and high machining quality with minimum thermal 
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damage in and around the laser-material interaction zone. Nevertheless, the literature review 
on the applications of laser processing (Section 2.1.2) reveals that even though some 
commercial LMM platforms for specific application areas are available, the broader uptake of 
this attractive manufacturing technology is still at its infancy and thus the utilization of the 
laser processing technology both as an established stand-alone fabrication route and also as an 
integrated component manufacturing technology in multi-process manufacturing solutions is 
still to come [7, 99]. A detailed qualitative capability maturity model, which evaluates the  
maturity levels of various micro- and nano- manufacturing processes, e.g. micro-milling, 
focus-ion beam, micro injection moulding, electroforming and hot embossing, shows that in 
comparison to micro-milling, which is ranked as a mature process and is widely used across 
different industrial sectors, laser micro processing is considered not sufficiently mature due to 
various open issues related to its process fundamental characteristics as well as to its process 
predictability and reliability [100]. The processes maturity evaluation methodology was based 
on in-depth qualitative characterization from process experts of 32 key process capability 
parameters, which are grouped in 6 key process capability areas, namely Quality (surface 
roughness, edge definition of produced featutrs) and Accuracy(the dimensional deviations 
from nominal values), Part Size (overall part dimensions) and Complexity(the range of multi-
length scale geometrical and dimensional features), Materials, Efficiency(cost and throughput 
of the manufacturing process), Processing (overall manufacturing capabilities of the process), 
and Fixturing and Setup(tools that are used to hold and align the parts prior the machining 
process) [100]. The capability maturity model reveals that laser micro-processing systems 
lack the required level of manufacturing flexibility and reconfigurability to address the 
constantly evolving geometrical complexity of micro-scale industrial products, which makes 
the laser processing technology highly vulnerable to products design changes. More 
specifically, the capability maturity model identifies that the laser technology has a very 
empirical processing nature, i.e. process optimization trials are needed to accommodate new 
product designs [100], which adversely affects the overall performance reliability and 
predictability of laser micro-processing systems in the machine tool context. Other factors, 
which could contribute to the lack of process adaptability of laser systems, include the 
insufficiently flexible workpiece fixturing devices and the non-standardized manual datum 
setup strategies, which are critical for the achieving the required level of machining ARR in 
any manufacturing system. For example, in a study reporting the application of LMM for 
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producing a complex ceramic microsurgical tool with features on two opposite sides of the 
component, a sequence of manual operations (fixing, repositioning and alignment in a single 
machining setup) were required to manufacture the microsurgical tool as shown in Figure 2.8 
due to the lack of flexible workpiece fixturing devices and automated workpiece referencing 
strategy. This lead to sufficiently big machining errors in the produced parts and thus the 
target products dimensional tolerances could not be met [101].  
 
Figure 2.8 A sequence of operations for LMM of a ceramic microsurgical tool with features 
on two opposite sides of the component [101] 
The system-level technology gaps of state-of-art laser micro-processing platforms in the 
machine tool context have also been recognized in other studies, which state that in 
comparison to the closed-loop control of high precision CNC milling systems [102], the laser 
systems are predominantly characterized with open-loop control, which makes their 
machining results not sufficiently reliable for achieving the required level of machining 
accuracy and precision of various micro-scale application areas [102, 103]. In conventional 
precision CNC systems, the closed-loop control can be established via real-time signals, i.e. 
torque, drift force, feed force, cutting speed, feed rate, which can be directly linked with the 
machining results due to the contact machining approach (the cutting tool is always in contact 
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with the material substrate undergoing processing) [104]. However, the establishment of 
closed-loop control in LLM systems with the well formulated techniques reported for 
conventional manufacturing systems is more challenging due to the non-contact machining 
approach of LMM. Thus, LMM platforms are predominantly characterized with open-loop 
control [103].[103]. Nevertheless, researchers have attempted to improve the open-loop laser 
process control for specific laser processing applications like laser micro-spot welding  by 
utilizing high-speed  pyrometer systems and thus to judge about the laser processing progress 
status by monitoring the material temperature evolution [104]. Figure 2.9 shows the 
arrangements of components in the developed setup [104].  
 
Figure 2.9 The establishment of closed-loop control by utilizing high-speed pyrometer 
systems in laser micro-spot welding [104] 
In addition, the establishment of closed-loop control in ultrafast laser milling process has also 
been attempted by utilizing a CCD camera for monitoring the brightness of the derived light 
from the laser triggered plasma and thus to use it as an indicator to adjust the relative distance 
between the laser beam focal plane and the material substrate for efficient machining 
operations [103]. Even though, such methods can improve the laser process control to a 
certain extend for specific laser processing operations, they cannot be considered sufficiently 
generic due to their highly conditional nature, i.e. laser triggered plasma [103] and 
temperature gradient [104] must be present during the laser processing operations.  In spite of 
the necessity of system-level tools for improving the closed-loop control of LMM platforms, 
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they have not been on the forefront of the laser technology research agenda. In particular,  the 
laser technology literature review  shows that in the last two decades the research efforts were 
mainly focussed on investigating laser-material interactions [6, 105], process modelling [12, 
106] and empirical process optimization [107, 108] to address specific manufacturing 
requirements, such as surface integrity and processing time, while not paying sufficient 
attention to the development of generic system-level tools and techniques for extending the 
LMM capabilities both as standalone machine tools or as a component technology in multi-
process manufacturing platforms. More specifically, the research on improving the 
performance and reliability of LMM platforms as machine tools was mostly limited to: 
 Advances in control algorithms of optical beam deflection systems for synchronizing laser 
pulse firing events with the movements of scanning mirrors (shown in Figure 2.10a) 
[109]; 
 Optimization of closed-loop control of optical beam deflection systems for enhanced 
rotary movement accuracy and precision of the scanning mirrors [110, 111]; 
 Development of strategies for the simultaneous use of optical beam deflection systems 
with mechanical stages for high-speed wide area laser processing [112]; 
 Design optimizations of focusing lens to account better for optical machining field 
distortions and thus to improve the laser beam positioning accuracy during the 
manufacturing operations [113]; 
 Beam-path generation software tools (shown in Figure 2.10b) based on commercially 
available CAD/CAM systems for creating NC part programmes for machining 
components with high geometrical complexity [114-116]; 
 Development of strategies for the  automated identification of the laser beam  focal plane 
on material substrates [117]; 
 Implementation of high-sensitive thermal cameras for monitoring the temperature build-
up in the material during the laser process and for corresponding adjustments of the laser 
power based on the collected temperature data to avoid overheating of the processed 
substrates [103, 104, 117]. 
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Figure 2.10 (a) Example of advances in control algorithms of optical beam deflection systems 
for synchronizing laser pulse firing events with the movements of scanning mirrors [111] and 
(b) Example of a beam-path generation software tool for creating NC-part programmes [114] 
At the same time there are significant advances in LMM systems component technologies, 
e.g. the growing number of short and ultrashort laser sources with constantly increasing 
maximum pulse energies and repetition rates [118], decreasing pulse durations and shorter 
wavelengths [119], ultra-high speed variable focus elements for advance beam delivery [120], 
high dynamic optical beam deflection systems with integrated digital scanner motor control 
electronics [121], linear and rotary mechanical axes with a repeatable positioning resolution 
of less than 0.1 µm and less than 30 µrad, respectively [122]. Nevertheless, the advances in 
these laser systems component technologies do not immediately translate into improvements 
of the LMM machine tool performance at the system level in terms of machining ARR unless 
adequate integration tools and techniques are used to achieve the necessary level of 
components’ synergy without compromising their individual performance. The importance of 
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integration tools and techniques in LMM installations is exemplified in a comparative study 
of three different LMM systems that have comparable component technologies with very 
similar specifications, but in spite of this, their ARR results were significantly different and 
far away from the stated specifications of the equipment manufacturers [123]. For example, 
the comparative study revealed that the overall machining accuracy is 12 µm, 15 µm and 70 
µm for laser system 1, 2, and 3, respectively [123]. Even though the study does not quantify 
the individual contribution of the integrated component technologies to the overall machining 
errors in each of the three evaluated systems, it still clearly outlines the state-of-art laser 
systems reliability issues in the machine tool performance context.  Thus, these findings 
reiterate the importance of developing and validating critical system-level integration tools 
and techniques for LMM platforms and thus to improve the closed-loop performance of laser 
systems and to bring the technology to a maturity level of well-established manufacturing 
processes such as micro-milling. Such system-level research and development efforts are 
necessary to underpin both the standalone use of LMM systems and also their integration in 
hybrid manufacturing platforms and process chains for different application contexts.  
2.2.2 Requirements for stand-alone laser micromachining configurations  
In LMM, the critical demands for ARR are addressed through the integration of a wide range 
of laser sources in highly controllable direct-writing micromachining platforms to realise the 
beam-workpiece relative movements [124, 125]. There are three main machine configurations 
in designing and implementing LMM platforms: (A) moving workpiece and stationary beam; 
(B) stationary workpiece and moving beam; and (C) combination of both. In Configuration A, 
the workpiece is mounted on precise linear stages that move the workpiece and determine the 
machining envelop under a stationary focused laser beam as shown in Figure 2.11a. Complex 
beam paths can be executed by controlling the stages’ movements, in particular Computer 
Numerical Control (CNC) part programs are generated prior to the machining operations 
which contain programmed stages movements commands in accordance to the parts contours 
[126, 127]. Mechanical stages are widely used in many different manufacturing systems 
where relative movements between workpieces and processing tools have to be performed.  
Thus, mechanical stages are used both in conventional manufacturing systems, e.g. milling, 
turning, and in non-conventional manufacturing systems, e.g. laser micro processing, electron 
beam machining,  wire electrical discharge machining (EDM) and electro chemical machining 
(ECM). For example, implementation of mechanical stages in three-axis and five-axis 
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machining centres is so well established and commercialized in conventional milling industry 
that it is covered by variety of machine tool ISO standards, i.e. ISO-230-2:2014. [128]. 
Therefore, it is not surprising that linear stages as a key component technology in their 
realisation were widely studied and had attracted a significant research and development 
interest both from industry and research groups.  
 
 
Figure 2.11 (a) Configuration A LMM and (b) Configuration B LMM 
The stages’ performance both in regards to their ARR and dynamic capabilities has undergone 
through continuous improvements in the last two decades to deliver repeatable ultra-precise 
positioning [129, 130]. In extreme cases, they can accommodate movement increments of tens 
of nanometres and thus to realise a very reliable machining in terms of ARR. Furthermore, 
linear stages’ drivers provide advanced solutions for integrating laser sources in Configuration 
A LMM systems, in particular for achieving a precise synchronization of laser pulse firing 
events with the stages’ movements across the whole machining envelop. Such solutions for 
LMM platforms are commercially available and incorporate an advanced control tool for 
Positioned Synchronized Output (PSO) that controls the laser firing events in order to deliver 
a consistent pulse distance in the laser processed regions (the spacing between the laser 
pulses) regardless of the workpiece velocity along the machining paths [109]. Nevertheless, 
an important shortcoming of mechanical stages is their relatively low machining speed, 
typically it does not exceed 500 mm/s. [130]. This relatively low speed is a major limiting 
factor for integrating the latest generation of high frequency laser sources in Configuration A 
LMM systems and therefore they are usually implemented for a higher ARR machining in 
expense of relatively high processing time.   
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Figure 2.11b presents schematically a Configuration B LMM where the workpiece is 
stationary while the beam moves along the machining path. A key component technology in 
such LMM platforms is the scanning galvanometer mirrors system, generally referred to as an 
optical deflection system that realizes the CNC controlled movements of the laser beam along 
the machining path. Due to their low mass, optical deflection systems do not have the 
dynamic limitations of mechanical stages and thus can easily achieve significantly higher 
processing speeds. Therefore, Configurations B and C LMM can benefit from the highest 
addressable laser pulse firing rates of the integrated laser sources. However, the higher 
dynamic performance of the optical deflection systems in comparison to that of linear stages 
is in expense of a relatively lower processing ARR. Furthermore, the working envelop of 
Configuration B systems is limited by the field of view of the integrated focusing lens system, 
which typically does not exceed a 50 mm x 50 mm working area (telecentric lens focal 
length=100) , and therefore such LMM platforms are mostly utilized for the fabrication of 
components with relatively small overall dimensions [131].  
Finally, laser micro processing systems are also realized employing Configuration C platform 
design that integrates a CNC controlled movement of both the workpiece and the laser beam 
as shown in Figure 2.12a.  This LMM configuration benefits from the advantages of both 
Configurations A and B systems and thus can be employed either for addressing higher ARR 
processing by utilizing the highly accurate and precise positioning capabilities of the linear 
stages or the high speed machining capabilities of the optical beam deflection systems (as 
shown in Figure 2.12b. The development of Configuration C LMM systems that can perform 
laser processing with simultaneous synchronized movements of both the optical scan head 
and the linear stages were already reported [112]. The main objective in implementing 
Configuration C LMM systems is the realization of high speed machining of workpieces 
requiring a bigger working envelop realized by the stages [112]. Such a configuration can 
significantly extend the processing capabilities of LMM systems, because it can be used for a 
higher speed processing of bigger components without the constraints of the used focusing 
lens system. However, ARR of such LMM platforms is still determined by the optical beam 
deflection system because of its ultimate control of the laser beam movements. Therefore, 
improvements of the ARR capabilities of optical beam deflection systems are essential in 
order to benefit fully from their high speed processing capabilities in Configurations’ B and C 
LMM systems.  
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Figure 2.12 Configuration C LMM: (a) schematic representation; (b) beam processing 
envelops of optical and mechanical axes 
2.2.3 Requirements for laser micromachining enabled multi-process manufacturing 
solutions  
Research and developments in micro machining processes (MMP) such as milling [132], 
forming [133], additive manufacturing [134] and laser micro processing [14] are constantly 
advancing the manufacturing technologies capabilities in an attempt to address the wide range 
of industrial requirements for complex product designs with increased technological 
functionalities. In particular, MMPs research efforts are focused on finding flexible 
manufacturing solutions for the  production of components that incorporate different length 
scale functional features down to submicron sizes and functionalised surfaces while cost 
efficiency, products’ life cycle characteristics and environmental impact are major 
considerations in the process designs and implementations [99, 135].However, when MMPs 
are individually employed they often fail to deliver products that meet all their technical 
requirements concerning accuracy, geometrical complexity, surface integrity and 
manufacturing costs due to  the intrinsic technological limitations of individual manufacturing 
processes as well as due to their cost effective processing windows in regards to the length 
scale of features and materials that can be processed. For example, such critical technological 
constraints of induvial MMPs include: 
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 The shapes and sizes of cutting tools in micro-milling introduce constraints in regards to 
the length scale and the geometrical complexity of features which can be fabricated at the 
micro scale, i.e. internal vertical edges have corner radius and thus the edge sharpness is 
greatly determined by the tool diameter [109]. At the same time, reduction of tools 
diameters adversely affect the milling process reliability and significantly increases 
manufacturing costs due to micro cutters’ wear and breakages, spindles thermal growth, 
requirements for specialized machining strategies and implementation of complex tool 
control monitoring systems [136]; 
 Additive manufacturing (AM) processes can produce complex geometrical features, but 
built parts have a rough and ribbed surface finish due to the “stair-step” effect and also 
due to plastic beads or large-sized powder particles that are stacked on top of each other 
[137].  
 The requirements for high-precision handling of sheet-metals in micro-forming of features 
with dimensions in the submillimetre range (sheet-metals positioning accuracy better than 
1 µm) limits the micro-forming process production rates and reliability [133]. In addition, 
limited materials’ formability and springback effect confines the development of micro- 
forming processes [138]. 
 LMM is usually viable only when small volumes of material have to be removed due to 
relatively low material removal rates [14].  
Taking into account the inherent technological constraints of individual MMPs, the cost 
effective manufacturing of miniaturised parts that incorporate different length scale functional 
features necessitate complementary processing technologies to be integrated into hybrid  
manufacturing platforms and process chains, i.e. multi-process manufacturing solutions, and 
thus to overcome the limitations of single processing routes. Such hybrid manufacturing 
platforms and process chains combine complementary processes to form flexible fabrication 
solutions which exploits the advantages of a process technology in order to overcome 
shortcomings of another [139]. In the context of hybrid manufacturing, the combinations of 
machining processes and/or operations are generally considered to be realized in a single 
manufacturing system (as shown in Figure 2.13a) [140], while in the context of process 
chains, the combinations of manufacturing processes are realized through the sequential 
utilization of multiple machine setups (as shown in Figure 2.13b) [100]. Furthermore, in order 
to provide a clear definition for hybrid manufacturing, the International Academy for 
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Production Engineering- CIRP has proposed the following two classifications for hybrid 
processes, which are now widely adopted in literature [139-141]: 
 “Open definition: A hybrid manufacturing process combines two or more established 
manufacturing processes into a new combined set-up whereby the advantages of each 
discrete process can be exploited synergistically;” 
 “Narrow definition: Hybrid processes comprise a simultaneous acting of different 
(chemical, physical, controlled) processing principles on the same processing zone.”  
 
Figure 2.13 (a) Principle of hybrid manufacturing system (laser assisted turning [146]); (b) 
Principle of process chain 
Research efforts both in the context of hybrid manufacturing and process chain fabrication at 
micro and nano scale are focused on combining different manufacturing processes with the 
objectives to improve surface integrity, products’ accuracy and processing efficiency and also 
to reduce tool wear and production times [139-143]. For example, a combination of additive 
manufacturing and milling can significantly reduce manufacturing time and cost by 
employing additive manufacturing for the near-net shape fabrication of parts while their high 
quality and accuracy is achieved by employing milling as a finishing step [144]. In another 
example, a combination of electrical discharge machining (EDM) with grinding for the 
machining of single-crystal silicate carbide (SiC) allowed to achieve both high efficiency and 
surface integrity, while the tool wear was also reduced [145]. An in-depth literature review of 
the various reported hybrid manufacturing processes and process chains together with their 
reported industrial applications is provided in [139-141, 146].  However, the literature also 
reveals that a key issue in state-of-art hybrid manufacturing processes and process chains is 
the fact that they are product specific, which makes their fabrication capabilities highly 
dependent on products’ specific technical requirements and also vulnerable to design changes 
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even within their respective application areas [139]. This is exemplified by the fact that their 
processes designs are mainly focused on extending particular capabilities of well-established 
conventional manufacturing processes, e.g. milling is the most frequently used micro scale 
hybrid manufacturing process [139]. In attempt to address current limitations of hybrid 
manufacturing processes and process chains, the LMM is envisaged as a key enabling 
processing technology for the realization of novel and more flexible hybrid manufacturing 
solutions and process chains for a diverse range of application areas as shown in Figure 2.14 
[139]. This is due to the fact that the laser technology can address the identified future trends 
and objectives of hybrid and process chain manufacturing in regards to their capabilities to 
accommodate the following characteristics: three-dimensional features; multiple workpiece 
materials; multi-scale and multi-functional structures for achieving structural, mechanical, 
electrical, magnetic, optical, and/or bio-functionalities; tuneable materials for improving 
properties of materials; ultra-precision [139]. The manufacturing flexibility of innovative 
laser-based hybrid process solutions and process chains have already been demonstrated in a 
number of researches, where the laser technology is utilized both as an assistive process to 
enhance the manufacturing performance of well-established conventional machining process 
and also as a complimentary machining step in multi-process manufacturing solutions [139-
141, 143 , 146]. For example, the integrations of laser technology with mechanical machining 
processes such as turning, milling and grinding have been reported to significantly enhance 
the processing of difficult-to-machine brittle and hard materials, which lead to increase in 
material removal rate and productivity [147]. In particular, this is due to the localized heating 
of the material with the laser beam, which softens the material in front of the cutting tools and 
as a result, the yield strength, hardness and strain hardening of the workpiece reduce and 
deformation behaviour of the hard-to-machine materials (especially ceramics) changes from 
brittle to ductile [147].  
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Figure 2.14 Envisaging of LMM as a key enabling processing technology in novel hybrid 
manufacturing solutions and process chains [139] 
Examples from literature, which report about the integration of laser micro-processing as a 
complimentary subtractive process in hybrid manufacturing platforms and process chains 
include: 
 A combination of micro-milling with LMM was reported to produce complex 
biotechnology products with feature sizes smaller than the cutting tool diameter without 
compromising machining time and thus the proposed manufacturing platform benefits 
from the complementary capabilities of its component manufacturing technologies for a 
higher removal rates and higher machining resolution, respectively [148]; 
 A combination of additive manufacturing with laser micro-structuring and micro-
polishing for the production of high quality medical implants (hip stem prostheses). In 
particular, due to higher productivity of the additive manufacturing process, it was 
employed for the near-net shape fabrication of the medical implant, while the laser micro-
structuring and polishing was applied both for the customized functionalizing of the 
surfaces and also as a post-processing step to improve the surface quality of the implants 
[149].  
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 A combination of EDM with LMM to improve the efficiency of drilling micro holes with 
a diameter of 140 μm in diesel fuel injection nozzles [150]. In addition, micro grooves and 
complex 3D structures have also been fabricated using this hybrid machining process, 
where the nano-second laser regime was utilized for the machining of the rough structures 
prior to the high-precision micro EDM operations, which significantly reduces the tool 
wear of the electrode [151].  
 More examples of other laser-based hybrid manufacturing processes that report on the 
combination of laser micro-processing with ECM, water-jet, and high-speed abrasive jet 
machining for the high precision manufacturing of difficult- to-machine prismatic parts 
could be found in [152]. 
Despite the capabilities of the laser processing technology to bring a high level of 
manufacturing complementarity to other MMPs for the formulation of flexible and 
reconfigurable novel hybrid processes and process chains, the state-of-art laser based hybrid 
and multi-process manufacturing solutions are not mature enough to fully utilize the 
manufacturing  capabilities of the laser processing technology due to various system-level 
integration issues both on a local level within the induvial laser systems (discussed in Section 
2.2.2) and also on a global level  when interfacing the laser process with other complimentary 
processes in hybrid manufacturing platforms and process chains [100]. It should be noted here 
that the integration issues in process chains are also recognized in other sequential multi-
process fabrication solutions and thus are not limited only to laser-based hybrid 
manufacturing routes and process chains. For example, the hybrid process designs requiring a 
sequential combination of manufacturing processes in a single machine set-up could be very 
challenging due to some dissimilar machining requirements of the integrated processes such 
as the clamping of the workpieces, the necessary machining workspace, the physical 
characteristics of the process and also safety considerations [153, 154]. This is demonstrated 
in a process combination of additive manufacturing with milling, where the proposed hybrid 
process has to accommodate different manufacturing requirements in a single machining set-
up.In particular, the additive manufacturing creates requirements for well controlled 
environment in order to build parts in layer by layer fashion from powder, while the follow-up 
subtractive machining introduces specific fixturing requirements to resists the cutting forces 
and also to protect the machined parts from occasional spatter during the additive 
manufacturing process [153]. In the context of process chains, a critical interface requirement 
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is the need for accurate and precise repositioning and referencing of the workpiece in the 
different machine set-ups of the process chain as this has a direct impact on the overall 
products’ ARR [100, 139, 155]. This is especially important for multi-process manufacturing 
platforms that integrate laser micro processing, because the lateral machining area defined by 
the laser beam diameter at the focal plane is often in the range of a few tens of micrometres 
while the depth of cut from a few microns down to sub-microns [148]. The necessity for the 
development of flexible interface tools which facilitate the evolution of laser micro-
processing into a modular manufacturing technology that can be seamlessly integrated in 
multi-process manufacturing systems for ‘’zero-defect’’ fabrication of highly complex 
miniaturized products is on the forefront of the manufacturing technology research agenda, as 
stipulated in the latest ‘’H2020 factory of the future’’ call for action from the European 
manufacturing research commission [156]. In particular, special attention is paid to the 
development of software and hardware integration tools, which enhance the machine tool 
performance of laser systems and thus to make possible their integration in various multi-
process processing solutions for addressing the manufacturing demands for diverse micro-
scale application areas [156]. This will enable the scale-up production of miniaturised parts 
with high ARR that at the same time incorporate different micro-scale functional features.  
2.3 Summary  of open research issues 
Laser micro-processing is attractive manufacturing technology that can address the constantly 
growing requirements for product miniaturization in many application areas due to the laser 
technology intrinsic processing characteristics such as: capabilities to process any material, 
including glasses, ceramics, metals, polymers and composites; and capabilities for high 
manufacturing flexibility and thus to realize different in-situ processing operations including 
subtractive, joining and post-processing operations.  Nevertheless, the carried out literature 
review reveals that state-of-art laser micro-processing platforms do not have sufficient 
technological maturity to provide the required level of machine tool performance in terms of 
process reliability, predictability, flexibility and robustness. Thus, in compassion to the 
closed-loop process control of well-established conventional machining technologies, e.g. 
milling, the laser systems have open-loop control, which impairs their manufacturing 
capabilities to deliver the required level of machining ARR both in the standalone laser 
systems and also as an integrated manufacturing technology in hybrid manufacturing 
platforms and processing chains. Specific open research issues that have to be addressed in 
32 
 
regards to the LMM system’ performance as a robust machine tool are summarized as 
follows: 
 Key Research Issue 1: Lack of sufficient knowledge about the manufacturing capabilities 
of LMM systems in terms of machining accuracy, repeatability and reproducibility 
(ARR). Even though two studies have reported qualitative evaluations of the technological 
maturity levels of LMM systems [100. 123], there is not a comprehensive analysis of their 
ARR capabilities yet, which can clearly quantify the contributions of the integrated 
component technologies to the observed overall machining performance. Thus, 
comprehensive quantitative studies focused on LMM systems ARR capabilities are of 
high importance for identifying critical performance issues associated with their 
components technologies and thus to improve their overall manufacturing capabilities. In 
addition, such comprehensive quantitative studies could also provide valuable information 
for identifying system-level integration issues in state-of-art LMM platforms, which 
impair the synergistic functioning of their integrated component technologies. 
 Key Research Issue 2: Lack of generic integration tools, which can enhance the 
reconfigurability, modularity and reliability of laser micro-processing platforms. In 
particular, such integration tools should offer capabilities for automated geometrical 
registration of a workpiece in LMM systems prior to executing the machining operations, 
because the accurate alignment of parts is of critical importance for achieving the required 
level of machining ARR. In addition, the integration tools should create capabilities: (i) to 
enable highly accurate and precise positioning of workpieces in LMM platforms; (ii) to 
provide sufficient flexibility for realizing various LMM configurations; (iii) to provide the 
required modularity in integrating LMM modules with different primary shaping, 
processing and inspection stages in process chains. 
 Key Research Issue 3: Lack of generic software tools to address the open-loop control 
issues of LMM systems and at the same time to increase their manufacturing flexibility by 
creating capabilities for realizing complex multi-axis laser processing strategies.  In 
particular, such tools should be designed and implemented: (i) to improve the laser micro 
processing throughput; (ii)  to improve the closed-loop manufacturing control of LMM 
systems; (iii)  to improve ARR in various multi-axis LMM configurations. 
 Key Research Issue 4: Lack of sufficient implementation strategies of the laser micro-
processing as a modular technology that can be seamlessly integrated in multi-process 
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manufacturing solutions and thus to provide the required manufacturing complementarity 
to other micro-scale processing technologies for the fabrication of complex products with 
multi-length scale functional features. 
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CHAPTER 3 
EXPERIMENTAL  
 
Outline of the chapter 
This chapter provides detailed description of the equipment, which has been used to perform 
the experimental work of the research reported in the thesis. In addition, it also introduces 
generic experimental methods, which are related both to the design and optimization of laser 
machining operations/routines and also to the analyses of machining results.  
 
3.1 Experimental Equipment 
3.1.1 Laser micro-processing system 
The laser micro-processing platform employed in this research is schematically shown in 
Figure 3.1. It integrates complimentary laser system component technologies in order to 
achieve the required level of reconfigurability for realizing different laser processing 
operations such as micro-structuring, drilling, texturing and micro-welding and 
polishing/remelting on a wide range of materials. The next subsections provide a detailed 
description of the component technologies integrated in the laser processing system employed 
in this research. 
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Figure 3.1 Schematic representation of the laser micro-processing platform 
3.1.1.1 Laser sources 
The LMM platform integrates two laser sources – a short-pulsed (nanosecond) laser source 
and an ultrashort (femtosecond laser source). The short-pulsed laser source is a SPI 
redENERGY G4 S-type 50 W nanosecond (ns) fibre laser that operates at a central 
wavelength of 1060 nm, supports repetitions rates of up to 1 MHz and has varying pulse 
durations (waveforms) in the range from 15ns to 220ns [157]. The laser architecture is based 
on the Master Oscillation Power Amplifier (MOPA) configuration, which consists of a master 
laser (seed laser) and an optical amplifier to boost the output power [158]. In particular, the 
laser is a DC-powered module based around a dual-stage Yb GTWaveTM fibre amplifier 
system with an optical seed pulse generated by a single-mode semi-conductor (master-
oscillator) laser diode [159]. The laser source also possesses the capability to operate in 
continuous wave (CW) mode with modulation. It is equipped with a beam delivery collimator 
attached to the laser source fibre exit to provide a highly collimated beam with a nominal 
beam diameter of 3 mm [159].  Detailed specifications of the laser source are provided in 
Table 3-1. 
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Table 3-1 Detailed specification of the SPI G4 S-type nanosecond laser source 
Parameter Units Value 
Average Output Power W 50 
Output power variation % 1.4 
Maximum Pulse Energy mJ 0.71 
Maximum Peak Power kW 15 
Central Emission wavelength nm 1060 
Emission Bandwidth nm <10 
Pulse Width (duration) range ns 15-220 
Beam Quality (M2) - <1.3 
Astigmatism 1/Rayleigh length <0.3 
Full-angle divergence (collimator) mrad 0.5 
Circularity % 90 
Beam diameter (collimator) mm 3 
Degree of Polarization % <20 
The ultrashort laser source is an Amplitude system Satsuma Ytterbium-doped fibre laser that 
has a maximum average power of 5W, operates at a central wavelength of 1030 nm, has a 
maximum repetition rate of 2 MHz and provides pulse duration of less than 400 fs [160]. The 
laser architecture is based on mode-locking laser configuration [161], which employs the 
Chirped-pulse Amplification principle [162].  The technical specification of the fs laser source 
is provided in Table 3-2. 
Table 3-2 The technical specification of the Amplitude Systems Satsuma laser source 
Parameter Units Value 
Average Output Power W 5.4 
Output power variation % 2 
Maximum Pulse Energy µJ 10.8 
Maximum Peak Power MW 33.5 
Central Emission wavelength nm 1030 
Emission Bandwidth nm 7.5 
Pulse Width (duration) fs 310 
Beam Quality (M2) - <1.3 
Astigmatism 1/Rayleigh length <0.5 
Full-angle divergence mrad 2 
Circularity % 87 
Beam diameter mm 2 
Polarization Type - Linear (S-type) 
3.1.1.2 Mechanical stages 
The LMM platform used in this research integrates five mechanical axes, in particular three 
linear stages (X, Y and Z axes) with maximum travel of 300 mm and two rotary axes (A – 
rotations around X axis and C- rotations around Z axis) with no limits on rotational travel. 
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The XY table includes two direct-drive Aerotech linear stages, in particular a PRO165LM-
0300 stage mounted on a PRO225LM-0300 stage [163, 164]. The combined XY positioning 
accuracy of the XY table is +/-4μm. The Z stage, PRO115-300 [165], is used to perform 
accurate and repeatable positioning of the workpieces at the right focal distance for the laser 
machining operations with positioning accuracy of 10 μm. The maximum speed of the three 
linear stages taking into account their load capacities is 300mm/s [163-165]. The assembly of 
two high precision rotary axes are mounted onto the XY table and are Aerotech ADRS-150, 
which provide rotational positioning accuracy of 48 μm and have maximum rotational speed 
of 600 rpm [166].  All mechanical stages are equipped with High Accuracy Linear And 
Rotary (HALAR) Aerotech option, which provides interferometer calibration and error 
mapping of an individual axis where micron level linear errors are analysed and the resulting 
calibration information is included as a look-up table to perform movements with extremely 
high accuracy and repeatability [167].  
3.1.1.3 Optical axes 
The LMM platform also integrates a state-of-art Newson 3D optical beam deflection system 
in order to realize beam spot movements with high dynamic.  The dynamic capabilities of the 
X and Y scanning mirrors are 25 rad/s., their maximum angular excursion is 800 mrad, their 
positioning repeatability is better than 15 μrad and their tracking error is 110 μs [168].   
3.1.1.4 Focusing lenses 
The system is equipped with two exchangeable telecentric lenses with focal lengths of 100 
mm and 160 mm, respectively in order to focus the laser beam on a flat field and with a 
perpendicular angle of incidence and with the desired spatial laser beam characteristics. Both 
lenses are made of fused silica and are optimised for high performance with ultrashort pulse 
lasers that operate at the near-infrared electromagnetic spectrum (1030-1060 nm) [169]. 
Based on the specifications of the 3D optical scanning head, the 3D working envelopes of the 
optical axes are 35mm (X) x 35 mm (Y) x 6 mm (Z) and 60mm (X) x 60 mm (Y) x 10 mm 
(Z) with the 100 mm focal length lens and 160 mm focal length lens, respectively. 
Furthermore, the focal beam spot diameters are 30 µm and 60 µm with the 100 mm and 160 
mm lens, respectively. 
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3.1.1.5 Beam delivery path components 
Figure 3.2 provides a detailed schematics layout of the laser system optical beam delivery 
path from the laser sources exits to the laser material interaction working envelope defined by 
the telecentric lens and the 3D optical scanning head system. The optical beam delivery path 
is situated on a granite frame structure with a passive isolation to limit disturbances from the 
surrounding environment and also to facilitate integration of optical components in the beam 
delivery path. In particular, the beam path integrates the following optical components: 
 Mirrors to guide the beam from the laser source to the optical scanning head. The mirrors are 
made of fused silica, have dual coating for the fundamental (1064 nm) and the second 
harmonic (532 nm) wavelengths of the laser sources and have reflectivity efficiency higher 
than 99% for minimum losses when guiding the laser beam [170]. 
 A Dichroic mirror ensures that the two laser sources can share the same beam delivery path, 
in particular the SPI laser beam is transmitted through the dichroic mirror, while the Satsuma 
laser beam is reflected from it [177].  
 Two laser beam polarizer units are available to obtain the desired beam polarization. In 
particular, a quarter-wave plate is used to convert the linearly polarized beam into circularly 
polarized beam, while a half-wave plate is used to obtain either s- or p- type linear beam 
polarizations depending on the initial polarization state of the laser beam. Both beam 
polarizers are zero-order wave plates for minimum retardance sensitivity on temperature and 
incident beam angle. The wave plates are made of crystalline quartz and have reflectivity 
losses lower than 1% [171]. 
 A variable beam expander is utilized for spatial laser beam conditioning in order to achieve 
the desired focal beam spot diameter and depth of focus. The expansion range of the beam 
expander is X2-X8, while its transmission efficiency is better than 97% [172]. 
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Figure 3.2 Detailed schematics of the components layout in the optical beam delivery path of 
the laser system 
3.1.1.6 Auxiliary components 
In order to meet the British Standards for Health and Safety regulations of laser products, the 
platform is equipped with fume extractor to remove material particles from the system during 
the ablation process and also protective window is installed to shield direct exposure of 
human beings to laser radiation [173]. Furthermore, the laser system integrates high resolution 
optical camera [174] and a confocal microscope [175] to facilitate the calibration of the 
focusing lens and the manual setting up of workpieces in the workstation.  
3.1.2 Analytical equipment 
3.1.2.1 Focus Variation optical microscope 
Characterization of machining results in terms of accuracy, repeatability and reproducibility is 
performed with Focus Variation (FV) technology optical microscope, namely Alicona 
InfiniteFocus (IF) G5 [176]. It has x5, x10, x20, x50 objective and x100 lenses that provide 
lateral resolution of 3.52 µm, 1.76 µm, 0.88 µm, 0.64 µm and 0.44 µm and vertical resolution 
of 0.41 µm, 0.1 µm, 0.05 µm, 0.02 µm and 0.01 µm, respectively [176].  The system is 
equipped with three mechanical axes with travel range of 100 mm in X, Y and Z axes for 
measurement envelopes bigger than the field of view of the objective lenses. The 
measurement repeatability of the system is 0.12 µm, 0.03 µm, 0.01 µm, 0.003 µm and 0.001 
µm for x5, x10, x20, x50 and x100 objective lenses, respectively. The system also has a set of 
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software tools (MeasureSuite), which allow analyses of measurement data both in terms of 
form and surface topography [178]. All analyses conform to the relevant ISO standards: 
profile roughness and surface texture analyses conform to ISO 4287/4288 [179] and 3D form 
analyses conform to the ISO 1101 [180]. 
3.1.2.2 Laser spatial beam analyser and laser pulse power meter 
A scanning slit beam profiler, shown in Figure 3.3(a) is utilized to perform real-time 
measurements of the laser beam spatial profile at any plane along its axis of beam 
propagation. It employs Si detector and measurement resolution and accuracy are 0.1 µm and 
0.5 µm, respectively [181]. The beam analyser is capable of measuring tightly focused laser 
beams (down to 2 µm in dimeter) with the Knife- Edge mode [181]. Measurements of the 
spatial beam profile parameters such as beam divergence, beam diameter, and Rayleigh length 
conform to the ISO 11146-2 [182]. 
In addition, a laser pulse power meter, shown in Figure 3.3(b), is utilized to record the pulse 
average power. 
 
Figure 3.3 (a) A scanning slit beam profiler and (b) a laser pulse average power meter 
3.2 Experimental methods 
3.2.1 Fundamental laser processing parameters 
This subsection introduces fundamental theoretical relations for deriving important laser 
machining parameters. Equations 3.1, 3.2, 3.3 and 3.4 are used to calculate Peak Power 
(Ppeak), Laser pulse energy (E), Maximum pulse energy intensity or Peak fluence (F0) and 
Spatial Fluence profile (Fr), respectively. 
𝑃𝑝𝑒𝑎𝑘 =
𝑃
𝜏
                     (Equation 3.1) 
41 
 
𝐸 =
𝑃
𝑓
                      (Equation 3.2) 
𝐹0 =
2𝐸
𝜋𝑤0
2                     (Equation 3.3) 
𝐹𝑟 = 𝐹0𝑒
−2𝑟2
𝑤0
2
                     (Equation 3.4) 
where P is average power, τ is laser pulse duration, f is pulse frequency, w0 is laser beam 
radius (1/e2 clipping level) and r is the distance from the beam centre. 
Figure 3.4 also introduces important optics parameters, which determine the spatial 
characteristics of a focused Gaussian laser beam.  
.  
Figure 3.4 Spatial Parameters of a focused Gaussian laser beam 
The theory of Gaussian beam optics explains in details the laser beam propagation through the 
methods of wave optics [183]. Equations 3.5, 3.6, 3.7, and 3.8 can be used to calculate the 
laser beam diameter at the focal plane (2w0), laser beam diameter at any plane along the axis 
of the laser beam propagation (2wz), Rayleigh length (zR), and the depth of focus of the laser 
beam (DOF), respectively. 
2𝑤0=
4𝑀2𝜆(𝐹𝐿)
𝜋𝐷0
           `           (Equation 3.5) 
2𝑤𝑧 = 2𝑤0√1 + (
𝑧
𝑧𝑅
)
2
                   (Equation 3.6) 
𝑧𝑅 =
𝜋×𝑤0
2
𝜆×𝑀2
                       (Equation 3.7) 
𝐷𝑂𝐹 =
8𝑀2𝜆(𝐹𝐿)2
𝜋𝐷0
2                     (Equation 3.8) 
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where M2 is Gaussian beam quality factor, λ is the laser wavelength, FL is the focal length of 
the focusing lens, z is an arbitrary distance from the focal the focal plane along the axis of 
laser beam propagation and D0 is the input beam diameter to the focusing lens.  
Laser machining strategy has a strong influence both on resulting surface topography and 
machining throughput and therefore different removal strategies are applied to meet the 
manufacturing requirements [184]. The parameters used in designing machining strategies are 
hatch distance, which represents the distance between neighbouring laser beam tracks and 
pulse distance, which determines the distribution of laser pulses along a laser beam track. 
Equations 3.9 and 3.10 calculate the pulse distance (PD) and percentage pulse overlap (%PO), 
respectively. 
𝑃𝐷 =  
𝑉𝑠𝑐𝑎𝑛
𝑓
                      (Equation 3.9) 
%𝑃𝑂 =  [1 −
𝑉𝑠𝑐𝑎𝑛
2𝑤0𝑓
] × 100                 (Equation 3.10) 
where Vscan is the scanning speed of the laser beam. 
3.2.2 Ablation Threshold 
Determination of the single-shot ablation threshold intensity for the materials, which have 
been under investigation in this research, is performed in accordance to the Liu’s 
experimental method, which relates the diameter of the ablated area (Dabl) to the ablation 
threshold fluence (Fth) [185]. Equation 3.11 formulates this relation.  
𝐷𝑎𝑏𝑙
2 = 2𝑤0
2 ln (
𝐹0
𝐹𝑡ℎ
)                   (Equation 3.11) 
Furthermore, reduction of material ablation threshold fluence is evident in multi-shot laser 
ablation scenario due to the existence of incubation effects [186]. The incubation effects 
affect the material response in multi-shot laser processing and can be explained with the 
increase in energy coupling efficiency, which is responsible for the reduction of the material 
reflectance after the first laser pulses are irradiated on the material substrate [187]. Thus, the 
multi-shot ablation threshold fluence can be calculated with Equation 3.12. 
𝐹𝑡ℎ(𝑁) = 𝐹𝑡ℎ(1) × 𝑁
𝑆−1                (Equation 3.12) 
where N is the number of incident laser pulses and S is material incubation coefficient.  
The experimental method that can be used to determine the ablation threshold fluence of a 
material can be summarized as follows: 
 Step 1: Create single- (multi-) shot pulse craters with incrementing laser pulse energies. 
 Step 2: Characterize the diameter of the ablated craters. 
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 Step 3: Plot the squared diameters of the ablated craters versus natural logarithm of the 
pulse energies (Dabl
2 vs ln(E)). 
 Step 4: Derive a best straight line fit on the plotted data. 
 Step 5: The gradient (slope) of the fitted straight line gives the w02. 
 Step 6: Apply Equation 3.3 to replace pulse energy (E) with laser fluence (F0). 
 Step 7: Derive the x-intercept of the best straight line fit to find the material ablation 
threshold fluence. 
Figure 3.5 also provides a graphical description of the methodology that is used to determine 
the ablation threshold of a material. The material that has been used to demonstrate the 
methodology in Figure 3.5 is silicon. 
 
Figure 3.5 A graphical demonstration of the application of the methodology to determine the 
ablation threshold of silicon 
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3.2.3 Accuracy, Repeatability and Reproducibility  
According to ISO 5725-1, accuracy is the closeness of a measurement result to a pre-defined 
reference (nominal) value [188]. On the other hand, repeatability and reproducibility refer to 
the precision of the measurement results, where ISO 5723-1 defines precision as the closeness 
of agreement between independent test results obtained under stipulated conditions. In order 
to differentiate between the two precision terms, ISO 5723-1 provides the following 
definitions for the repeatability and reproducibility [188]: 
 Repeatability is the precision obtained, under the identical conditions, when independent 
test results are obtained with the same method, on identical test items, in the same 
laboratory, by the same operator, using the same equipment, and within short intervals of 
time. Thus, repeatability leads to an estimate of the minimum value of precision. 
 Reproducibility is the precision obtained, under changing conditions, when independent 
test results are obtained with the same method, on different test items, or in different 
laboratories by different operators. Thus, reproducibility leads to an estimate of the 
maximum value of precision. 
Figue 3.6 also provides graphical definitions for accuracy, repeatability and reproducibility. In 
particular, Figure 3.6a shows that Result 1(green dot) is more accurate than Result 2 (red dot), 
because it is closer to the target value (black dot). Figure 3.6b shows that Set 1 (green dots) 
has higher repeatability than Set 2 (red dots), because the spread of results in Set 1 is less than 
that in Set 2.  Figure 3.6c shows that Set 3 has higher reproducibility than Set 4, because the 
spread of results in Set 3 is less than that in Set 4.  Finally, in order to differentiate between 
repeatability and reproducibility, it is worth mentioning that both measurands quantify 
precision, but reproducibility defines the precision under changing conditions, e.g. on a 
number of different samples, over longer intervals of time. 
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Figure 3.6 Graphical definitions for (a) Accuracy, (b) Repeatability and (c) Reproducibility 
3.2.4 Evaluation of the total measurement uncertainty  
Evaluation of measurement uncertainty in this thesis was performed in accordance to the 
guidelines of the United Kingdom Accreditation Service (UKAS) Publication M 3003 [189], 
the European co-operation for Accreditation (EA) publication EA-4/02 [190] and the National 
Physical Laboratory Guide No. 11 (Issue 2) [191]. In order to perform comprehensive 
evaluation of the measurement uncertainty, both Type A and Type B uncertainty were 
characterized, where: 
 Type A uncertainty (UA) - evaluation of uncertainty is carried out using statistical analysis 
of a series of observations [189-191] 
 Type B uncertainty (UB) – evaluation of uncertainty using methods and information other 
than statistical analysis. This could be information from past experience of the 
measurements, from calibration certificates, manufacturer’s specifications, from 
calculations, from published information, and from common sense [189-191]. 
The Type A uncertainty (UA) was calculated according to Equations 3.13-2.15: 
?̅? =
∑ 𝑦𝑖
𝑛
𝑖=1
𝑛
               (Equation 3.13) 
𝑠𝑑 = √
∑ (𝑥𝑖−?̅?)
2𝑛
𝑖=1
(𝑛−1)
           (Equation 2.14) 
𝑈𝐴 =
𝑠𝑑
√𝑛
                           (Equation 2.15) 
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where sd is the standard deviation of the data set, xi is the result of the i
th measurement, n is 
the total number of measurements, and  ͞x  is the arithmetic mean of the n results considered. 
It should be mentioned that Type A uncertainty calculations in this thesis were achieved based 
on at least 10 repetitive measurements based on guidelines in [189-191] unless otherwise 
stated in the respective analytical sections of the thesis. 
After Type A and Type B uncertainties were obtained, the combined uncertainty (UC) was 
calculated in accordance to Equation 3.16 by treating the uncertainties as uncorrelated: 
𝑈𝐶 = √(𝑈𝐴
2 + 𝑈𝐵
2)          (Equation 3.16) 
It is also worth mentioning that Equation 3.16 was also applied to calculated overall Type B 
uncertainty, when it contains more than one uncertainty components at the same time from 
different sources of information like calibration certificate and manufacturer’s specifications. 
Finally, the total uncertainty (UT) can be found by Equation 3.17, in particular  multiplying 
the expanded uncertainty with a coverage factor (k), which accounts for the ‘’level of 
confidence’’ [189-191].  
𝑈𝑇 = 𝑘 × 𝑈𝐶            (Equation 3.17) 
Detailed explanations for the different coverage factors with various data distribution types 
can be found in [189]. Nevertheless, for normal data distribution some cover factors are: 
 k=1 for a confidence level of 68 %; 
 k=1.64 for a confidence level of 90 %; 
 k=2 for a confidence level of 95%; 
 k=3 for a confidence level of 99.7%. 
Since the total uncertainty is given most commonly at the 95% confidence level [191], the 
scaling factor used for calculating the total uncertainties in this thesis is k=2.  
Figure 3.7 also presents the step-wise procedure, which was used for evaluating the total 
uncertainty of measurands in this thesis. 
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Figure 3.7 Step-wise procedure for evaluating the total uncertainty of measurands 
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CHAPTER 4 
INVESTIGATION OF ACCURACY, REPEATABILITY 
AND REPRODUCIBILITY OF STATE-OF-ART LASER 
MICROMACHINING PLATFORMS 
 
Outline of the chapter  
This chapter reports a systematic quantitative study for evaluating the accuracy, repeatability 
and reproducibility (ARR) of a state-of-art LMM system in an attempt to address Research 
Issue 1 discussed in Chapter 2. The proposed study evaluates the effects of key component 
technologies on ARR capabilities of LMM systems. In particular, the ARR capabilities of the 
optical and mechanical axes are investigated when they are utilised separately or in 
combination and thus to quantify the individual contributions of the integrated component 
technologies to the overall laser machining errors. The study was performed on four different 
LMM platform implementations and thus to provide a reliable and objective ‘’snapshot’’ of 
current ARR capabilities of state-of-art LMM systems. In addition, the chapter also introduces 
a specialized experimental technique for quantifying the dynamic capabilities of z-modules 
and thus to judge better about their negative effects in the laser micro-processing of complex 
free-form (3D) surfaces. 
The research reported in this Chapter refers to Publications 1 and 3 from the List of 
Publications.
 
4.1 Introduction- Machine specifications of the investigated laser systems 
The carried out literature review in Chapter 2, revealed that there is a clear lack of reliable and 
objective information about the manufacturing capabilities of state-of-art LMM systems in 
terms of their machining ARR. In an attempt to address this gap of knowledge, an empirical 
investigation of ARR of state-of-art LMM platforms is presented in this chapter. An important 
consideration for the objectivity of the performed study was the requirement to characterize 
the representative ARR capabilities of state-of-art LMM systems on more general level rather 
than commenting on the subjective manufacturing capabilities of an individual laser platform 
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implementation. Therefore, four LMM systems (denoted as Systems A, B, C and D in this 
research), which were implemented by different laser system integrators, were investigated in 
the study. In addition, the systems were located at different locations and were operated by 
different machine operators. In this way, the study attempted to objectively identify laser 
machining ARR shortcomings in the LMM implementations on a more general level rather 
than reporting findings related to either a specific laser system integrator or particular LMM 
system. The technical specifications of the component technologies of the four investigated 
LMM systems are provided in Table 4-1.  
Table 4-1 Technical specifications of component technologies (as provided be vendors) 
Laser System A B C D 
Optical axes 
XY scanning head     
Max scanner speed 
(XY) 
25 rad/s 25 rad/s 
2 m/s with 160 
mm focusing 
lens 
2.5 m/s with 163 
mm focusing 
lens 
Pos. resolution [μrad] <12 < 12 10 <8 
Thermal drift [μrad] < +/-12 < +/-12 <25 <20 
Tracking error [μs] 110 110 110 <20 
Focusing lens system     
Focal length [mm] 100 160 100 160 160 100 163 
Focusing field [mm] 35×35 60×60 35×35 80×80 100×100 35×35 80×80 
Beam spot size [μm] 30 60 20 - 56 20 - 90 40 20-56 40-90 
Z-module     
Focusing range [mm] 6 10 6 10 - 10 
Max. speed NA NA NA NA 
Mechanical axes 
XY axes/stage    
 
 
Travel [mm] 300 300×300 160 600×450 
Max.travel speed 
[mm/s] 
500 500 300 500 
Resolution [μm] 0.25 0.25 0.01 1.0 
Accuracy per axis [μm] +/- 2 +/- 2 +/- 0.75 +/- 0.5 
XY Accuracy (2D) [μm] +/- 4 +/- 4 - +/- 1.0 
Z axis/stage     
Travel [mm] 300 300 300 200 
Max.travel speed 
[mm/s] 
50 50 10 220 
Resolution [μm] 0.5 0.5 0.1 1.0 
Accuracy per axis [μm] +/- 1 +/- 1 +/- 0.75 +/- 1.0 
XY Accuracy (complete 
2D travel) [μm] 
+/- 10 +/- 10 - +/- 10 
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4.2 Quantitative investigation of LMM systems’ machining capabilities  
4.2.1 Planning of machine performance evaluation tests 
A sequence of six tests, described in Table 4-2, was planned in order to assess the ARR 
capabilities of optical and mechanical axes of laser machining platforms when they were 
utilised separately or in combination. Figure 4.1 shows the test geometry in Tests 1, 2, 4 and 
5, Figure 4.2 shows the test geometry in Test 3 and Figure 4.3 shows the test geometry in Test 
6. In addition, Appendix 1 provides detailed engineering drawings of the six tests. Unless 
otherwise stated in the induvial test descriptions, the following laser parameter settings were 
used for producing the test geometries: Satsuma femtosecond laser source, laser energy of 8 
µJ, scanning speed (optical axes) of 1000 mm/s, and scanning speed (mechanical stages) of 
100 mm/s. 
 
Figure 4.1 Arrangement of the laser ablated trenches in the test geometry for tests 1, 2, 4 and 
5 of the quantitative study 
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Figure 4.2 Test geometry in test 3 of the quantitative study 
 
Table 4-2 Test plan of the proposed quantitative study 
Test 
No. 
Test description 
Component 
technologies 
1. 
Machining of 30×30 mm fields with perpendicular intersecting 
trenches to structure stainless steel (SS304) plates.  The nominal 
width and depth of the trenches are 100 and 10 µm, respectively 
while they are 1 mm apart along the X and Y axes. The test 
quantifies the machining accuracy of X-Y scan heads. 
1) X and Y beam 
deflectors 
2) Focusing lens 
2. 
The same perpendicular intersecting trenches as in Test 1 are 
produced on SS304 plates with a stationary beam and moving 
mechanical axes. The test assesses the accuracy of the X-Y 
mechanical stages. 
1) X and Y 
mechanical 
stages 
2) Focusing lens 
3. 
Four 30×30 mm fields with perpendicularly intersecting trenches 
as in Test 1 are machined on a 70×70 mm area of SS304 plates. 
The structuring is carried out using the optical axes only, whereas 
the repositioning between the fields is carried out using the 
mechanical axes only. The test is intended to quantify the 
machining ARR when both XY scan heads and XY mechanical 
stages are used in combination. 
1) X and Y beam 
deflectors 
2) X and Y stages 
3) Focusing lens 
4. 
Test 1 is repeated after adjusting the beam spot diameter at the 
focal plane using a beam expander and then calibrating the scan 
head. The test quantified the effectiveness of the calibration 
routines after conditioning the beam diameters. 
1) X and Y 
deflectors 
2) Beam expander 
3) Calibration 
routine 
4) Focusing lens 
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5. 
Machining of 30×30 mm fields with perpendicular intersecting 
trenches is performed with different scanning speeds (100, 500 
and 1500 mm/s) on stainless steel SS304 plates tilted at 9° along 
either X or Y axes. The test is carried out using the optical axes 
and the Z module of the scan heads. The test quantifies the 
combined effect of optical axes and Z-module on ARR when laser 
processing 3D surfaces. 
1) X and Y 
deflectors 
2) Z-module 
3) Focusing lens 
6. 
Producing arrays of separated dimples on SS304 plates that are 
normal and tilted (at 0°, 5°, 10°, 15° and 20° along Y-axis) in 
regards to the beam. Each dimple is produced with a sequence of 
20 pulses (SPI laser source was used) on the “fly” (20 passes of 
the bean) with five scanning speed settings (100, 500, 1000, 1500 
and 2000 mm/s) and thus to qualitatively assess the effects of the 
dynamic capabilities of Z-module on machining ARR. 
1) X and Y beam 
deflectors 
2) Z-module 
3) Focusing lens 
The test geometries produced on the four LMM systems are given in Table 4-3. 
 
Figure 4.3 Test geometry in test 6 of the quantitative study 
Table 4-3 Test geometries produced on the four LMM systems 
Laser 
system 
Test No. 
1 2 3 4 5 6 
A x x x  x x 
B x x  x   
C x  x x   
D x x x x   
4.2.2 Measurement procedures 
4.2.2.1 General measurement considerations and uncertainty 
An important consideration in designing the measurement procedures for Test 1 to 5 was the 
requirement to minimize the contributions of laser material interactions in investigation the 
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systems’ ARR and thus to obtain objective information only for the ARR capabilities of 
optical and mechanical axes. This was achieved by measuring only the relative distances 
between the trenches, while their widths, depths and resulting surface quality were not 
considered as shown in Figure 4.4, which depicts representative measurements between two 
trenches from the produced test geometries in Tests 1 to 5. 
 
Figure 4.4 Representative measurements between two corresponding trenches from the 
produced test geometries in Tests 1 to 5 of the quantitative study 
In contrast, since Test 6 attempts to qualitatively assess the effects of the dynamic capabilities 
of Z-module on machining ARR, the measurement procedure in Test 6 takes into 
consideration the laser material interaction effects. In particular, by analysing the volumetric 
changes of the dimples in the produced laser tracks at different speeds and tilt angles, it was 
possible to extract information for the geometrical consistency of dimples in terms of their 
depths and dimeters and thus to judge about the effects of Z-module on machining ARR. 
More specifically, any inconsistency of the volumetric morphologies of dimples along a laser 
track produced at a specified scanning speed and tilt angle could be attributed to the dynamic 
limitations of the Z-module, exemplified by its inability of dynamically preserving the focal 
plane of the laser beam on the tilted workpiece surface within the laser track. Figure 4.5 
shows a representative measurement in Test 6, which assess the volumetric characteristics of 
a dimple in a laser track. 
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Figure 4.5 A representative volumetric analyses of a dimple in a laser track in Test 6: (a) an 
array of laser dimples produced at a specified scanning speed and tilt angle and (b) evaluating 
volumetric characteristics of a dimple in regards to its depth and diameter 
The measurements on laser structured surfaces were carried out using the FV technology 
Alicona G5 IF microscope. The x20 lens, which provides lateral and vertical resolution of 
0.88 µm 0.05 µm, respectively, was used for the measurement of laser produced geometries in 
Tests 1, 3, 4, 5 and 6. The x50 lens with lateral resolution and vertical resolution of 0.44 µm 
0.02 µm, respectively, was used in Test 2. Furthermore, the total uncertainty of the 
measurement procedures with the x20 lens and x50 was calculated (based on the measurement 
uncertainty evaluation procedure presented in Chapter 2) to be 1.1 µm and 0.2 µm at a 
confidence level of 95%, respectively. Appendix 2 also provides comprehensive calculations 
for the total uncertainty of the measurement procedures both with the x20 lens and with the 
x50 objective lenses. 
The following subsections provide detailed descriptions of the analytical steps used for 
evaluating the machining ARR in the performed tests.  
4.2.2.2 Evaluation of LMM systems ARR capabilities with the proposed tests  
For Tests 1, 2, 4 and 5, the measurements were carried out at the two diagonally opposite 
corners of the structured fields as the lowest accuracy of the beam deflectors were expected 
there while the highest in the centre of the scan fields. In particular, the 20X magnification 
was used to scan the areas between the 1st and 11th trenches in Tests 1, 4 and 5 and also to 
measure the distances between 1st and 3rd, 1st and 5th, 1st and 7th, 1st and 9th and 1st and 11th 
trenches along both horizontal (X-axis) and vertical directions (Y-axis). A similar 
measurement procedure was applied in Test 2, however only the distances from 1st to 2nd, 3rd, 
4th and 5th trenches were measured due to the large size of the scan data generated with the 
50X  objective. The schematic diagrams of the measured regions in Tests 1, 2, 4 and 5 are 
depicted in Figure 4.6(a) and (b). The machining accuracies of the beam deflectors and the 
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stages of the four LMM systems analysed in this comparative study were then determined by 
comparing the nominal values with the measurement results. 
 
Figure 4.6 (a) Scanned regions for (a) Tests 1, 4 and 5, (b) Test 2 
A representative 3D image of a scanned region on a Test 1 specimen is shown in Figure 4.7(a) 
while the top view together with the measurements of relative distance between trenches is 
shown in Figure 4.7(b). The point data from the scans were analysed using the ‘Profile form 
measurement’ tool available in the Alicona software. The data were treated with ‘form’ 
removal operation prior to measuring the distances between trenches. The edge of the 1st 
trench in Tests 1, 4 and 5 was used as a datum for measuring the distances to the 
corresponding edges of the 3rd and similarly 5th, 7th, 9th and 11th trenches using the software 
tool. Ten lateral measurements were taken for each scanned area as illustrated in Figure 4.7 
(a) and (b) and the average values were calculated.  
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Figure 4.7 (a) A representative 3D scanned area showing 1st to 11th trenches of a laser 
structured field, (b) Top view of the scanned data and  measurement of distances between the 
trenches using ‘Profile form measurement’ tool 
The measurements in Test 3 were carried out along the horizontal (X) and vertical (Y) axes at 
the stitching junction of the laser scanned fields as it is schematically shown in Figure 4.8(a). 
The procedure is detailed in Figure 4.8(b) that included measuring the distances from 1st to 
2nd, 3rd, 4th and 5th trenches. The D1 and D2 measurements provide information about the 
accuracy of the beam deflectors when structuring Field 1 while D4-D3 renders equivalent 
information about Field 2. At the same time, D3-D2 provides information about the accuracy 
of the stage as the mechanical axes were used to reposition the laser processed areas from 
Field 1 to Field 2. Furthermore, D2-D1 and D4-D3 measurements provide information about 
the pseudo-repeatability of laser structuring operation carried out only with the beam 
deflectors, while D2 and the distance from the 1
st to 3rd trenches in Test 1 exhibit 
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reproducibility of structuring operations, i.e. the machining precision obtained with the optical 
beam deflectors. 
 
Figure 4.8 (a) Schematic diagram of the four structured fields in Test 3, (b) Measurement 
procedure in Test 3 
Test 6 involved measuring the depths and diameters of the dimples produced at various 
scanning speeds using the ‘Profile form measurement tool’. A representative scanned area of 
the dimples together with the measured depth and diameter is shown in Figure 4.9. 
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Figure 4.9 A scanned area containing several dimples created at various scanning speeds 
together with the measured depth and diameter of one of them 
4.3 Results and discussions 
4.3.1 Machining accuracy of X-Y optical beam deflection systems  
The results obtained in Test 1, i.e. by using the X-axis beam deflectors, are shown in Figure 
4.10. The machining accuracy typically decreased with the increase of the distance from the 
1st trench. System A achieved the best accuracy amongst the four systems with values 
between 0.8to 12.8µm while the majority of data was within the technical specification for the 
optical axes, i.e. ±10 µm, whereas machining errors of the other three micromachining set-ups 
was much higher.  System C exhibited the worst results, i.e. deviations up to ~300 µm, 
followed by the System B and System D. The machining accuracy between the corners 1 and 
2 of Systems B and D was in the range from 2 to 40 µm.  
v = 100 mm/s
Depth: 30.45 µm
Diameter: 50.57 µm
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Figure 4.10 Machining accuracy of beam deflectors along the X-axis in Test 1 
The graph in Figure 4.11 shows that the accuracy of System A along the Y-axis was again the 
best amongst all four systems, however with a marginally higher deviation, up to 15.7 µm, in 
comparison to that along the X-axis. Conversely, System B exhibited greater deviation in X, 
up to 120 µm, compared to that in Y axis, up to -65 µm. The results obtained with System C 
were the worst among all set-ups with values gradually increasing from the 1st to 11th 
trenches and this can be attributed to a systematic error, e.g. calibration errors,  in carrying out 
the laser machining operations. The accuracy of System D’s optical axes was similar along 
both axes.  
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Figure 4.11 Machining accuracy of beam deflectors along the Y-axis in Test 1 
The machining accuracy of the beam delivery systems improved typically when the systems 
were calibrated after using the beam expanders. Machining accuracy of System D improved 
by ~75-85%, with values from 53.2 to 11.3 µm along X (Figure 4.12), and ~35-45% in Y 
(Figure 4.13). Thus, regular calibrations of the beam delivery systems are very important, 
especially if accurate and precise laser machining operations have to be performed. Typically, 
a positive systematic error was noted for System D in X as opposed to a negative along Y. 
Systems B and C however did not show any significant improvements, possibly due to the 
errors in the calibration methodologies associated with both machines, although the accuracy 
in X was marginally better for System C. 
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Figure 4.12 Machining accuracy of beam deflectors along the X-axis in Test 4 
  
Figure 4.13 Machining accuracy of beam deflectors along the Y-axis in Test 4 
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4.3.2 Machining accuracy of mechanical stages 
As expected, the accuracy of the mechanical stages was much better, typically in the range of 
±2 to 4 µm, than their optical counterpart. This is due partly to the much lower processing 
speed, typically less than 100 mm/s, compared to the optical axes, which operate at speeds 
higher than 1 m/s when laser texturing/structuring operations are performed. The deviation 
from the nominal value generally increased with the distance from the 1st trench as shown in 
Figure 4.14. Systems A and B performed better in X than in Y; while for System D the 
accuracy was comparable in both directions as depicted in Figure 4.15. 
    
Figure 4.14 Machining accuracy of mechanical axes along the X -axis in Test 2 
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Figure 4.15 Machining accuracy of mechanical axes along the Y-axis in Test 2 
4.3.3 Machining accuracy with combined used of mechanical and optical axes 
The position accuracy of the System A’s beam deflector along the X-axis varied from 2.84 to 
-5.81 µm as shown in Table 4-4 while that of mechanical axes was within -1.02 to -1.91 µm; 
however, both were within the system’s technical specifications of ±10 and ±4 µm, 
respectively. Conversely, the deviations of the scanners were much higher for Systems C and 
D. As it was already mentioned, this was possibly due to calibration issues for both set-ups. 
Although the accuracy of the mechanical axes of both systems at Corner 1 was 2.72 and -2.02 
µm respectively, that at Corner 2 was much lower, i.e. -15.08 and 14.70 µm for Systems C 
and D, respectively. The deviations of the mechanical stages were still typically lower than 
that of the scanners, which can be explained with the scanners’ much higher processing 
speeds. 
The stitching accuracy of the machined fields along the Y-axis was measured only for System 
A. Better stitching accuracy was observed at Corner 1 compared to that at Corner 2 with 
values ranging from 0.7 µm to 2.6 µm and -6.5 µm to -11.1 µm, respectively as shown in 
Table 4-5. 
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Table 4-4 Machining accuracies of the scan heads and mechanical stages along X in Test 3 
Systems Corner 
Field 1 Field 2 Mechanical axes 
(D2-D1) 
(µm) 
(D4-D3) 
(µm) 
(D3-D2) (µm) 
A 
1 -4.74 3.17 -1.91 
2 -5.81 2.84 -1.02 
C 
1 63.74 69.92 2.72 
2 58.62 71.96 -15.08 
D 
1 12.46 54.06 -2.20 
2 11.78 51.74 14.70 
Table 4-5 Stitching accuracy along the Y-axis in Test 3 
System A 
Stitching accuracy (µm) 
1st trench  2nd trench 3rd trench  4th trench  5th trench  
Corner 1 0.70 3.52 2.42 2.64 2.64 
Corner 2 -6.46 -8.12 -8.32 -8.94 -11.0 
4.3.4 Machining accuracy of dynamic focusing modules 
The machining accuracies of System A’s scan head when structuring inclined surfaces either 
along X or Y-axis are shown in Figs. 4.16 to 4.19. The deviation from the nominal values in 
X-axis greatly increased from 14 to 108 µm when the surface was inclined along the same 
axis, whereas machining accuracy along the Y varied only from ~5 to 32 µm.  Similar results 
were also observed when the workpiece was inclined along Y-axis. In this case, the accuracy 
along the X-axis was within 1.5 to 10 µm while that along Y varied from ~30 to 190 µm. It 
was further noticed that the accuracy of X-axis was typically better compared to that of Y. 
This was in line with the observation from Test 1 on System A’s scan head accuracy.   
The accuracy deterioration in Test 5 can be attributed to 3D calibration errors. For example, 
greater errors were observed in Figures 4.16 and 4.17 along the inclined X-axis, where each 
of the trenches was produced with a constant Z- module focusing settings. This is illustrated 
in Figure 4.20, where no programmed movements occurred in the Z direction; thus the 
dynamic capabilities of the Z-module should not affect the trenches’ machining accuracy. 
Similarly, bigger machining errors were observed in Figures 4.18 and 4.19 along the inclined 
Y-axis, where trenches were again produced without any movements along the Z-axis. 
Although Figures 4.17 and 4.19 exhibit that the accuracy slightly deteriorated with the 
increase of laser scanning speed for the trenches requiring programmed movements along the 
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Z-axis, this does not provide any conclusive evidences regarding the Z-module’s performance 
in comparison to the X and Y  beam deflectors.    
 
Figure 4.16 Machining accuracies along X-axis in Test 5 (workpiece inclined along X-axis) 
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Figure 4.17 Machining accuracies along Y-axis in Test 5(workpiece inclined along X-axis) 
 
Figure 4.18 Machining accuracies along X-axis in Test 5 (workpiece inclined along Y-axis) 
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Figure 4.19 Machining accuracies along Y-axis in Test 5 (workpiece inclined along Y-axis) 
 
Figure 4.20 Graphical representation of trenches produced along the inclined X-axis 
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Note to Figure 4.20: when producing the trenches normal to the X-axis, the Z-module is fixed 
at a certain Z setting throughout the machining of the trenchs, while the Y beam deflector 
executes the machining movements. In contrast, when producing the trenches normal to the 
Y-axis both the X beam deflector and the Z-module simultenioursly execute the machining 
movements. 
 
The depths and diameters of the dimples produced on surfaces normal and inclined to the 
incident beam are shown in Figures 4.21 and 4.22, respectively. With the increase of the 
scanning speed, dimple depths remained typically consistent within the range of 27 to 29 µm 
on the sample normal to the incident beam. Similar results were also obtained on the sample 
when inclined at 5° and 10⁰. However with the increase of the inclination angle (greater than 
10°), the dimple depths decreased gradually with the increase of the scanning speed. This 
could be attributed to the lower Z-module dynamic that led to a lag in executing the 
programmed focusing movements along the Z-axis and consequently affected the machining 
results. The negative effects were more pronounced at the higher inclination angles, i.e. 15° 
and 20° where the depth of the focus (approximately 2.45 mm with the used beam delivery 
configuration) could not compensate the inferior dynamic of the Z-module compared with 
that of the X and Y beam deflectors. In particular, these negative effects on the dimple depths 
are clearly observed at scanning speeds higher than 1 m/s when the samples were inclined at 
15° and 20° (see Figure 4.21). For example, the dimple depths at a scanning speed of 2 m/s 
have been reduced to 25.5 µm and 19.5 µm at the inclination angles of 15° and 20°, 
respectively.  
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Figure 4.21 The plot of dimple depths produced on normal and inclined surfaces to the 
incident beams at various scanning speeds in Test 6 
 
The diameters of the dimples, as shown in Figure 4.22, gradually increased with the increase 
of scanning speed at all investigated inclination angles. Conversely, dimple diameters 
decreased with the increase of the angle at the lower processing speeds, i.e. 100 mm/s and 500 
mm/s, however such a trend was not apparent at the higher scanning speeds, i.e. 1 m/s and 1.5 
m/s. The increase of dimple diameter with the increase of processing speed is also clearly 
depicted in Figures 4.23 and 4.24. This can be explained with the deterioration of dimples’ 
machining accuracy due to the lower Z-module dynamic compared with the X and Y beam 
deflectors. Especially, this results in shifting of pulses’ incident positions that leads to an 
increase of the dimple diameters.  
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Figure 4.22 The plot of dimple diameters produced on normal and inclined samples to the 
incident beam at various scanning speeds in Test 6 
 
Based on the results for dimple diameters and depths in Test 6, it can be stated that the depth 
of focus could not compensate completely the inferior Z-module dynamic at higher 
inclination angles and scanning speeds. Thus, it is necessary to investigate the Z-modules’ 
dynamic performance and its potential negative impact on 3D laser machining results. A 
specialized experimental technique to conduct such quantitative investigation of the dynamic 
limitations of Z-module is proposed in the next section of this Chapter (Section 4.4).   
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Figure 4.23 Scanned images of dimples produced on a surface normal to the incident beam at 
three different scanning speeds: (a) 100, (b) 500 and (c) 1500 mm/s 
 
Figure 4.24 The dimples produced with two scanning speeds on the samples inclined to the 
incident beam at four different angles 
4.3.5 Machining repeatability and reproducibility 
Pseudo-repeatability data of Systems A, C and D are presented in Table 4-6. It compares the 
distance between 1st and 2nd trenches within the laser structured Fields 1 and 2 in Test 3. 
Systems A and C exhibited a pseudo-repeatability in the range of 6.18 to 13.34 µm at the two 
corners of the machined fields. However, pseudo-repeatability of the System D was much 
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worse (in the range of 39.96 to 41.60 µm), although the results within each field (Corners 1 
and 2) were comparable.  
Table 4-6 Pseudo-repeatability data of different laser systems 
Systems Regions 
 
Test 3 
 Repeatability (µm) 
Field 1 Field 2 
Accuracy (µm) Accuracy (µm) 
A 
Corner 1 -4.74 3.17 8.44 
Corner 2 -5.81 2.84 8.65 
C 
Corner 1 63.74 69.92 6.18 
Corner 2 58.62 71.96 13.34 
D 
Corner 1 12.46 54.06 41.60 
Corner 2 11.78 51.74 39.96 
 
The reproducibility of the optical axes of Systems A, C and D was determined by comparing 
the distance between 1st and 3rd trenches in Tests 1 and 3 as shown in Table 4-7. The results 
obtained solely with the scan heads were reproducible and ranged from 1 to 6 µm with only 
two exceptions. 
Table 4-7 Laser scanheads’ reproducibility of Systems A, C and D 
Systems Regions 
Test 1 Test 3 
Reproducibility 
(Precision) (µm) Deviation from 
the nominal (µm) 
Deviation from 
the nominal (µm) 
A 
Corner 1 0.76 -4.74 5.50 
Corner 2 6.94 -5.81 12.75 
C 
Corner 1 22.20 63.74 41.54 
Corner 2 64.48 58.62 -5.86 
D 
Corner 1 11.31 12.46 1.15 
Corner 2 9.13 11.78 2.65 
The deterioration of machining repeatability and reproducibility in the comparative study 
could be mainly attributed to the utilization of not sufficiently adequate handling techniques 
for the workpieces in the laser systems. In particular, systems C and D did not provide 
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sufficient tools and techniques for precise positioning and alignment of the workpiece in the 
laser systems prior to the machining operations. 
4.4 Experimental methodology for investigating the dynamic capabilities of dynamic 
focussing modules 
4.4.1 Introduction 
Results from Test 6 in Section 4.3.4 above revealed that the dynamic limitations of z-modules 
can significantly impair machining results. Therefore, the aim of this section is to design an 
experimental technique that can clearly quantify the dynamic capabilities of z-modules and 
thus to judge about their negative effects in laser micro-processing of complex free-form (3D) 
surfaces. Z-modules, also called Dynamic Focusing Modules (DFMs), are built in two 
different configurations, which are schematically presented in Figure 4.25. Figure 4.25(a) 
shows a beam expander DFM configuration, which consists of a diverging optic that can be 
translated coaxially along the optical beam path via a linear motor, and a stationary focusing 
optic. In contrast, Figure 4.25(b) shows a beam condenser DFM configuration, which includes 
a converging optic and a stationary focusing optic. Choice of a suitable DFM configuration 
for a particular laser system is dependent on the laser beam characteristics of the used laser 
source such as beam waist diameter and collimation, because DFM optics are selected to give 
minimum laser beam aberrations. Examples of laser beam aberrations caused by a lens that 
have to be taken into account when selecting a DFM configuration include spherical 
aberrations, chromatic aberrations and aperture diffraction [192]. Even though, DFMs are 
supplied in two different configurations, their working principles are the same. In particular, 
movements of the diverging or converging optics during a laser processing operation changes 
the relative distance between the moveable and the stationary optics, which causes changes in 
laser system’s focal length and thus the laser beam spot can be focussed at different planes 
along its propagation axis ( z axis) [193].  
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Figure 4.25 DFM configurations: (a) beam expander DFM and (b) beam condenser DFM 
4.4.2 Methodology 
Figure 4.26 presents the test sample used to evaluate the DFM dynamic capabilities. In 
particular, the experiments involved the machining of 30 mm long tracks with dimples 
produced on two SS 316 samples with different scanning speeds, V1, V2 …Vn, one sample is 
normal and the other is tilted at 15⁰ in regards to the incident beam. Table 4-8 provides the 
laser parameters utilized to machine the laser tracks. Twelve laser tracks were produced at 
different scanning speeds, but it should be noted that each laser track is produced with 
constant scanning speed. The title angle of 15° was selected in order to fit the machined area 
on the sample within the focusing envelop of the used 3D scanner and focusing lens, in 
particular within the enveloped defined by the DFM Z range (7.7 mm) and the focusing lens’s 
field of view (35 x 35 mm). The sample was tilted by employing the rotary stage, which 
rotates the sample about the x axis of the workpiece and thus the tilt is along its y axis as 
shown in Figure 2. Thus, the laser tracks on the tilted sample were produced along its y axis, 
because the movements along the tilted axis have components both along the y and z axes and 
thus DFM has to be utilized in combination with the X-Y optical beam deflector system. The 
steps between the dimples along the laser tracks are 100 µm, while the step-over distance 
between the laser tracks was set to 150 µm. Furthermore, the dimple diameter was determined 
by the laser beam spot diameter, because there was no overlapping of pulses in each laser 
scan. The tracks were produced by 15 repeated scans and thus each dimple was created by a 
sequence of 15 laser pulses. In this way the target dimple depth of 12 µm was achieved.  Also, 
it should be noted that the laser tracks both on the tilted and the normal samples were 
produced with an offset from the focal plane that is equal to the Rayleigh length (zR), where 
zR can be calculated using Equation 3.7 from Section 3.2.1. Furthermore, to account for any 
laser beam focus aberrations caused by the optics,  the offset from the focal plane was also 
experimentally determined by measuring the distance at which the beam spot diameter is 
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equal to sqrt(2)*w0 (Rayleigh length criterion) by utilizing the beam analyser (presented in 
Chapter 3). 
The DFM dynamic capabilities were assessed by analysing the depth profiles’ differences of 
the dimples produced on the tilted and the normal plates to the incident beam. 
 
Figure 4.26 The test sample used to evaluate the DFM dynamic capabilities 
Note to Figure 4.26: The laser tracks are produced along the tilted Y axis of the workpiece, 
while laser repositioning movements before the machining of each laser tracks (non-
machining movements) are executed along the x-axis of the workpiece. 
Table 4-8 Laser parameters for the experimental tests 
Laser track 1 2 3 4 5 6 7 8 9 10 11 12 
Average Power [W] 40 
Pulse duration [ns] 220 
Beam diameter at focus 
[µm] 
63 
Frequency [kHz] 1 5 10 12 13 14 15 16 17 18 19 20 
Scanning Speed [m/s] 0.1 0.5 1.0 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 
4.4.3 Results and discussions  
Figure 4.27 shows that the laser beam spot diameter at the focal plane and at an offset 
distance equal to the Rayleigh length above the focal plane are 63 µm and 89 µm, 
respectively. The offset distance calculated using Equation 3.7 from Section 3.2.1 in Chapter 
3 was 2.45 mm and it resulted in a laser beam Depth of Focus (DOF) of 5.9 mm, twice the 
Rayleigh range. Since, DoF is comparable to the working Z range of the DFM , it greatly 
impairs the deterministic evaluation of the DFM dynamic capability. This is because DOF 
compensates the “lagging” of the laser beam movement along the z-axis that is due to the 
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DFM insufficient dynamic capability. Thus, the depth profiles of the produced dimples will 
be similar, because the changes of energy density (fluence) can be considered negligible 
within the beam DOF. Therefore, it is necessary to reduce substantially and even to eliminate 
the DOF compensation effects on dimples’ depth profiles. This can be achieved by producing 
the laser tracks at an offset distance equal to Rayleigh length, 2.45 mm in our case, and thus 
any further displacements of the laser beam from the focal plane due to insufficient DFM 
dynamic capabilities to lead to a significant difference of energy densities and as a 
consequence of this to dimples’ depth profiles. 
Figure 4.28a shows a 3D view of all produced laser tracks on the sample normal to the 
incident beam (no movements with DFM along the Z axis), while Figure 4.28b provides a 
magnified top view of the area at the end of the tracks. It can be judged visually in Figure 
4.28b that the dimples have very similar profiles regardless of the scanning speeds. In 
addition, Figure 4.28c provides the depths of the dimples produced at all processing speeds 
and they are very similar, approximately 12 µm. Table A3.1 in Appendix 3 provides detailed 
measurement results for the depths of dimples that are produced at the different speeds on the 
flat sample (tilt angle of 0⁰). Also, it can be seen in Figure 4.28b that there are small 
errors/differences in the laser tracks produced at different scanning speeds. They can be 
explained with the fact that any small variations of the scanning speeds caused by torsional 
resonance, heat dissipation, drift, nonlinearities, noise and calibration routines [192], are 
amplified since the there is no pulse overlapping and each dimple is the results of 15 pulses. 
Thus, even small beam machining errors are revealed and accumulated along the 30 mm long 
tracks even though they do not affect the overall accuracy of the 3D scanhead in executing the 
machining vectors.  In particular, if there is a pulse overlap any small variations of scanning 
speeds in producing the dimples will not be noticeable at the end of the tracks.  
Figure 4.29 depicts the carried out measurements of the dimples produced on the tilted 
sample. It can be clearly seen in Figure 4.29b that the topography of the dimples changes with 
the increase of the scanning speed. For example, the dimples are barely visible at a speed of 2 
m/s (the rightmost laser track in Figure 4.29b). Furthermore, Figure 4.29c provides the depth 
profiles of the dimples produced at all processing speeds. It can be clearly seen that at 
processing speeds above 1500 mm/s, the dimples do not have the expected depth of 12 µm. 
Table A3.2 in Appendix 3 provides detailed measurement results for the depths of dimples 
that are produced at the different speeds on the tilted sample (tilt angle of 15⁰).This should be 
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attributed to the DFM inability to follow closely the surface that is not normal to the incident 
beam along the z axis with the required dynamic. A comparison of the results in Figure 4.28 
and Figure 4.29 reveals that the DFM dynamic is sufficient only up to a scanning speed of 
1500 mm/s. In particular, DFM can execute beam movements along the Z axis without lags, 
synchronously with X and Y movements, only if the required speed does not exceed 388 
mm/s (sin θ * V) and thus it is less than 10 % of the maximum V achievable with the X and Y 
beam deflectors of the investigated system in this research, in particular 4 m/s. 
 
Figure 4.27 Laser beam energy profiles (a) at the focal plane (z=0) and at an offset distance of 
2.45 mm above the focal plane (z=+2.45 mm) 
 
Figure 4.28 Laser tracks produced at different scanning speeds on the SS 316 sample when it 
is normal to the incident beam: (a) 3D view of the produced laser tracks; (b) magnified view 
of the area at the end of the laser tracks; (c) depth profile of dimples at the end of the laser 
tracks 
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Figure 4.29 Laser Tracks produced at different scanning speeds on the SS 316 sample at 
Θ=15⁰ to the incident beam: (a) 3D view of the produced laser tracks; (b) magnified view of 
the area at the end of the laser tracks; (c) depth profile of dimples at the end of the laser tracks 
4.4.4 Effects of DFM’s dynamic limitations on the laser processing of 3D surfaces  
This section aims to highlight that the clear understanding of DFMs dynamic limitations is a 
very important factor in obtaining uniform and consistent machining results on complex 3D 
surfaces. In particular, the results from laser polishing trials of 3D printed stainless steel 
workpiece (SS 316L) are shown in Figure 4.30. Fig 4.30a shows the 3D printed SS316L cube 
that was manufactured employing the Digital Metal® technology [194] and Figure 4.30b 
shows the workpiece surface roughness prior to the laser polishing experiments. It can be seen 
from Figure 4.30a that the workpiece incorporates complex 3D geometries and thus the laser 
polishing operation of the cube would require the utilization of the Z-module in order to 
efficiently follow the contours of the workpiece and to achieve uniform laser polishing 
results. Figure 4.30c and Figure 4.30d depict the resulting surface roughness after the laser 
polishing trials without and with optimization of the toolpath to take into account the DFM 
dynamic limitations. It should be mentioned that the laser polishing parameters were kept the 
same in both machining trials with the exception of scanning speed, which was optimized in 
accordance to the DFM max achievable speed in Figure 4.30d. Specifically, the laser settings 
were as follows: pulse energy - 0.52 mJ; hatch direction along the tilt (vertical direction); 
hatch spacing - 4 µm and pulse distance also kept to 4 µm. It can be clearly seen from Figure  
4.30 c and Figure 4.30d that DFM dynamic limitations can have a very detrimental effect on 
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the machining results if they are not taken into account when generating the Part NC 
programme (G code).  
 
Figure 4.30 Laser polishing trials: (a) 3D Printed cube with different geometrical features; (b) 
surface roughness measurements prior to laser polishing; (c) surface roughness after laser 
polishing, but without optimized toolpath; (d) surface roughness after laser polishing with 
optimized toolpath (considering the DFM limitations) 
4.5 Conclusions 
This chapter reported a systematic quantitative study for investigating the ARR capabilities of 
state-of-art LMM systems. The following conclusions could be drawn based on the results 
from the carried out research in this Chapter: 
 The machining accuracy with the optical axes typically decreased with the increase of 
nominal dimensions of the geometries to be produced, which suggests that the best 
machining accuracy could be obtained at the centre of the laser machining field of view 
defined by the integrated focusing lens. System A exhibited the best machining accuracy 
level of the optical axes amongst all systems both along horizontal and vertical directions 
with the majority of data lying within the machining accuracy tolerance of ±10 µm.  
However, the rest of the investigated laser exhibited much higher machining errors, in 
particular, the accuracy of systems B, C and D was 120 µm, 433 µm and 85 µm, 
respectively. The deteriorated machining accuracy in systems B, C and D can be mostly 
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attributed to laser system calibration errors, which exemplifies that the calibration of scan 
heads is very critical for obtaining the desired level of machining accuracy. This was also 
demonstrated by the significant improvements of the machining accuracy following 
calibration of the laser systems, i.e. system D exhibited a ~80% improvement in the 
accuracy level after its calibration. 
 The accuracy of the mechanical axes was much better, generally in the range of ±2 µm to 4 
µm, compared to that of the optical axes. This could be partially attributed to the much 
lower processing speed of the mechanical stages, typically less than 100 mm/s, in contrast 
to that of the scan heads, greater than 500 mm/s. Other factors, which contribute to the 
better machining accuracy with mechanical axes is their better closed-loop control than 
that of optical axes.  
 Although two of the systems produced repeatable and reproducible machining results, this 
was not the case for all systems analysed in this study. Import factors which could 
contribute to the observed deteriorations of machining repeatability and reproducibility in 
some of the investigated systems include utilization of not sufficiently adequate tools and 
techniques which can provide the required level of precise positioning and alignment of 
workpieces prior to the laser machining operations.  
 The lower dynamic of Z-module affected the machining accuracies of the beam delivery 
system when processing inclined surfaces at different scanning speeds. The deviation from 
the nominal value increases with the increase of scanning speeds. Only at relatively lower 
scanning speeds, the depth of focus can compensate the inferior dynamic of Z-module to 
some extent, in comparison to those of X and Y beam deflectors.  
 A specialized experimental technique for quantifying the dynamic capabilities of Z 
modules is also proposed in this research. The results showed that the DFM dynamic 
capabilities are substantially inferior to those of X and Y beam deflectors, in particular the 
maximum speed of the Z module is less than 10% of the maximum speeds achievable with 
X and Y optical axes of the scanhead. This suggests that at high speeds of the X and Y 
beam deflectors the depth of focus of the laser micro processing setups may not be 
sufficient to compensate the lag in executing the necessary Z movements when processing 
free form surfaces.  Thus, in such cases, it will be necessary to reduce the X and Y beam 
deflectors’ speeds of the 3D scanheads and thus to operate below the max speeds 
achievable by any given z-module when performing laser structuring or texturing operation 
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on  free form surfaces in order to achieve the required accuracy and repeatability. 
The evaluations of the ARR capabilities of LMM systems’ key component technologies 
highlight that state-of-art LMM systems do not have the technology maturity level of well-
established micromachining processes like milling. Finally, the research in this Chapter 
provides quantitative evidences that further system-level developments are required in order 
to improve the overall machining ARR of LMM platforms, especially when optical axes are 
employed during the laser processing operations. 
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CHAPTER 5 
DEVELOPMENT OF GENERIC INTEGRATION 
TOOLS FOR RECONFIGURABLE LASER 
MICROMACHINING SYSTEMS    
 
Outline of the chapter 
This chapter is dedicated to the development of generic integration tools, which address 
system-level issues in LMM platforms that has negative impact on laser systems performance 
in terms of machining ARR. In particular,  the chapter reports on the design of a modular 
workpiece holding system,  which increases the flexibility of LMM platforms to realize 
different machining configurations and also supports the integration of LMM with other 
complimentary micromachining processes in multi-process manufacturing systems. 
Furthermore, the chapter proposes an automated workpieces’ setting up routine which 
substantially reduces the time and manual efforts required to register workpieces in the LMM 
systems prior to the machining routines, while it also increases the alignment ARR of the 
workpieces and thus to create the necessary pre-requisites for achieving robust and repeatable 
machining results. 
The research reported in this Chapter refers to Publication 4 from the List of Publications. 
 
5.1 System-level performance issues of LMM platforms 
5.1.1 Component technologies’ requirements 
A reconfigurable LMM platform should have sufficient flexibility to realise different 
processing operations, e.g. structuring of parts that incorporate functional features with 
varying sizes and geometrical complexity, polishing of free-form parts, capability to process 
different materials, e.g. metals, polymers and glasses, while satisfying specific requirements 
in regards to ARR, surface integrity and processing efficiency. Such concentration of 
operations in a single machining setup requires system-level functionalities that are 
determined both by the component technologies employed for their realisation and also by a 
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range of integration tools and techniques used to assure their functional operability within 
predefined ARR constraints.  
Chapter 4 introduced four different reconfigurable LMM platforms. A system-level analysis 
of those four laser systems was conducted to identify the common component technologies 
that were necessary for their implementation. It is important to note that the four investigated 
LMM systems integrate similar and in some case identical state-of-art representative 
component technologies and they are built by different system integrators. In this way an 
attempt was made to identify and assess objectively the system-level integration issues in 
implementing LMM systems. The results of this analysis are provided in Table 5-1, where  
their component technologies are split into two categories, in particular main component 
technologies, which were available across all LMM configurations and auxiliary ones, whose 
implementation and functionality varied  between the platforms but were required to fulfil 
common requirements in regards to systems’ operability, stability, flexibility and safety.  
Table 5-1 Functional specification of component technologies for LMM 
Main Component Technologies 
 Short/ultra-short pulsed laser source(s) with capabilities to vary the average power, 
repetition rates, wavelengths and laser spot characteristics for realising different material 
processing mechanism 
 3D optical beam deflection system with high dynamic capabilities 
 Focusing telecentric lens for a consistent beam incident angles within the field of view 
 Linear mechanical stages with high positioning accuracy and precision to realise Infinite 
Field of View (IFV) processing 
 Rotary mechanical stages for realizing different manufacturing configurations 
 Measurement probes for inline inspection and alignment of parts 
 Optical beam delivery path with capabilities to vary the beam spatial profile 
Auxiliary Component Technologies 
 Machine frame structure to minimise any disturbances from the surrounding environment 
 Enclosure for Class 1 laser processing [195] 
 Laser fume extractor 
 Inline energy/power measurement device 
 Laser beam profiler for setting up optimal laser machining parameters 
 Modular workpiece holding for realising different machining configurations and robust 
integration into multi-process manufacturing systems 
 Workpiece’s setting up routines 
 PC-based control system with specialised Graphical User Interface (GUI) 
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5.1.2 System-level integration issues 
To conduct a critical analysis of integration issues in designing and implementing LMM 
platforms, it is very important to study laser systems with almost identical or comparable 
hardware configurations. Thus, any discrepancy in their LMM capabilities can be attributed 
mostly to system-level integration issues associated with their component technologies and to 
much less extend to their technical specifications. Therefore, three of the four state-of-the-art 
LMM systems presented in Chapter 4 were selected to carry out this critical analysis. Key 
capabilities expected and also representative of those already available in reconfigurable 
LMM platforms were analysed. In particular, a comparative study to quantify the machining 
ARR of the three systems was firstly conducted to identify significant discrepancies in their 
LMM capabilities, as discussed in Chapter 4. In addition, other important key manufacturing 
capabilities that were considered are provided in Table 5-2 together with the results of the 
analysis of the three platforms, denoted as A, B and C. 
 Table 5-2 System-level capabilities of the three reconfigurable LMM platforms 
1) Flexible workholding solutions for realising different machining configurations, i.e. for laser 
processing of axis-symmetric parts and multi-sides laser machining, and for seamless 
integration of LMM into mutli-stage manufacturing platforms 
System Description 
A Custom-made workholding devices for positioning parts (individual solutions for 
different machining configurations/operations). No integration of LMM into a 
multi-process manufacturing system is envisaged. 
B In-house workholding devices are produced to meet different application 
requirements. 
C No special workholding devices. Mechanical stages are used to place samples in the 
laser system. 
2) Automated routines/strategies for executing complex machining operations that require the 
utilization of both linear and rotary mechanical axes 
A Not available and a custom-made solution under development. 
B Manual methods to utilize rotary and linear stages simultaneously.  
C No automated strategies are available. 
3) Workpiece’s setting up routines with pre-defined ARR 
A Optical camera for lateral alignment and a confocal probe for setting up the 
machining surface. Accuracy and repeatability within +/-10 µm. 
B Alignment solution employing a confocal probe. Accuracy and repeatability better 
than 20 µm. 
C Manual alignment employing a high resolution optical camera.  Accuracy and 
repeatability better than 50 µm. 
4) Control system with specialised LMM GUI 
A A system/tool with specialised GUI realised in commercially available CAD 
software for entering different laser machining parameters and also for handling 
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different input file formats.  
B A system with GUI for controlling laser machining parameters. 
C Several GUIs for different component technologies that run simultaneously to 
control laser machining parameters. 
5) ARR achievable in different LMM operations 
A ARR better than +/- 10 µm. 
B Accuracy within +/- 60 µm while repeatability and reproducibility are better than 20 
µm. 
C ARR better than +/- 150  µm. 
There are some other commercially available laser machining systems [196-198] that are 
designed for specific applications, in particular for producing cooling holes on aerospace 
components or structuring/texturing free-form surfaces of moulding tools. They are based on 
conventional machine tool platforms and thus their frame structures, PC-based control 
systems and workpiece setting up routines and equipment are the same as those used in multi-
axis machining centres, e.g. high precision milling machines. Such systems cannot be 
considered LMM platforms as they represent standalone system implementations designed for 
handling relatively big components, e.g. turbine blades and mould tools, while the laser 
machining system that are the focus of the research in this chapter are for machining relatively 
small components, e.g. usually fitting within a working envelop of mm 65 x 65 mm x 10 mm 
and weight less than 1 kg. Therefore, such commercially available laser machining 
implementations were not considered in the system-level analysis carried out in this research.  
It is apparent from the system level analysis in Table 5-2 that even though all three LMM 
systems can provide extensive manufacturing capabilities, their available tools are not generic 
and far from what should be expected from machine tools for realising complex 
micromachining operations. Furthermore, the results of the comparative study in Chapter 4 
also revealed substantial discrepancies in terms of ARR capabilities of the analysed three 
systems. For example, the performance of System A was assessed to deliver ARR capabilities 
better than +/- 10 µm, while System B and C had ARR of +/- 60 µm and +/- 150 µm, 
respectively. Since, the hardware configurations of the three systems are comparable, the 
discrepancies in terms of LMM systems performance clearly demonstrate the existence of 
system-level integration issues.  In particular, the system-level issues that were identified as 
critical for improving the reliability, robustness and interoperability of LMM platforms and 
also to achieve the necessary machining ARR for their broader use are: the development of 
modular workpiece holding device, automated workpiece setting up routines and automated 
multi-axis machining strategies. The importance of these system-level integration solutions 
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for achieving ARR that are commonly required across different application areas is further 
reinforced by the work reported by other researchers [199]. In particular, in a study reporting 
the application of LMM for producing a ceramic microsurgical tool with features on two 
opposite sides of the component, a sequence of manual operations (fixing, repositioning and 
alignment in a single machining setup) were performed to  manufacture the tool [101]. The 
system-level issues in this machine-fixture-component configuration had detrimental effects 
on the overall machining results; i.e accuracy of produced components was within +/- 70 µm 
while reproducibility was less 100 µm. Even though, the reported machining errors of the 
produced components were not critical for the parts’ functionality, this case study points at 
some typical requirements that modular workpiece holding devices and automated workpiece 
setting up routines should fulfil to deliver higher ARR. In another case study on LMM of 
rollers, a rotary stage is used in a LMM platform [200]. It is stated that new software solutions 
were developed to achieve the required ARR in the used LMM configuration. Especially, 
these tools made possible the use of the rotary stages but they were only applicable for the 
processing of axis-symmetric parts, where the laser beam is fixed and thus the high dynamic 
of optical beam deflectors could not be used [200]. Again, this case study demonstrates how 
system-level limitations on the simultaneous use of optical and mechanical beam movements 
affect the capabilities of the LMM platforms, especially where high ARR are required. 
5.2 Developments of system-level integration tools and techniques for LMM  
5.2.1 Design and implementation of modular workpiece holding system 
Based on the analysis of LMM industrial applications, where features with dimensions of less 
than 100 µm and accuracy better than 10 µm are required [201], the following generic 
considerations were identified that were taken into account when designing modular 
workpiece holding devices: 
 High ARR achievable in positioning parts in LMM platforms; 
 a modular design for realising different LMM configurations; 
 designs based on standardized components for cost effective and robust 
implementation in different LMM configurations; 
 compactness and minimal weight to minimise the negative dynamic effects on 
machining results;  
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 the necessity for common unifying solutions for integrating different modular 
technologies, e.g. machining, material processing, inspection and alignment, in multi-
process manufacturing platforms; 
 interchangeability for realising different LMM configurations and also to support both 
manual and automated workpiece setting up routines; 
The workpiece holding device that was designed is schematically presented in Figure 5.1. It 
consists of standardized commercially available components that are well proven in different 
machining applications and at the same time do not require frequent maintenance [202]. In 
particular, the workpiece holding device consists of main and secondary assembly units. The 
main assembly unit incorporates a “macro” receiver that can be precisely fixed and referenced 
either to a mechanical stage (rotary or linear) or to any other surface of the machine frame 
structure and a drawbar that provides means to attach precisely various workpiece holding 
adapters/extensions to the receiver. The secondary assembly unit incorporates workpiece 
holding extensions that can ensure the necessary flexibility to meet the requirements for 
various laser machining operations. As shown in Figure 5.1, examples of workpiece holding 
extensions include: 
 pallets - interface plate assemblies for holding prismatic parts in machining operations 
requiring only linear movements of mechanical stages,  
 L-shaped brackets assembly for holding prismatic parts in machining operations 
requiring both linear and rotary movements of mechanical stages;  
 chucks for holding axis-symmetric parts.  
Another workpiece holding extension that was designed and implemented in this research to 
enable two-side laser micro-processing routines is also provided in Appendix 4. Thus, the 
modular design of the proposed workpiece holding device provides the flexibility and the 
robustness necessary to realize various LMM configurations. Figure 5.2 shows examples of 
manufacturing configurations that were implemented to test the proposed design. In 
particular, workpiece holding devices to carry out one-side processing of a single part or an 
array of parts, multi-side machining of parts, and processing of axis-symmetric parts. Since 
the different manufacturing extensions are accurately referenced via a system of datum points 
in the macro receiver and the pallet by applying a consistent force through the drawbar, 
different extensions can be easily integrated into the LMM platforms without the need for any 
manual setting up operations. This leads both to significant reduction in setting up time and 
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also reduces uncertainty associated with workpieces’ positioning in LMM platforms. Figure 
5.1 also provides details about the masses of both the main assembly unit and also of each of 
the proposed workpiece holding extensions. Taking into account the capabilities of 
mechanical stages [163] and stacks of them in LMM platforms it can be concluded that the 
proposed workpiece holding device with a mass not exceeding 3.5 kg will have minimal 
negative dynamic effects on LMM operations. The modular design will also facilitate the 
integration of LMM operations in multi-process manufacturing systems. In particular, an 
installation of the main assembly units in each of the integrated processing steps in a multi-
process manufacturing system allows workpieces to be mounted on a common holding 
extension and subsequently to be carried throughout all processing and/or inspection steps. 
This can lead to significant reduction in alignment efforts in each of the integrated processing 
setups and also in a significant reduction of uncertainties associated with the entire multi-
process manufacturing sequence. The positioning ARR of the proposed workpiece holding 
device are carefully assessed in the later sections of this chapter.  
 
Figure 5.1 The modular design of the proposed workpiece holding device 
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Figure 5.2 Workpiece holding extensions to realize: (a) one-side processing of a single part; 
(b) one-side processing of an array of parts; (c) multi-side processing of a single part; (d) 
machining of axis symmetric parts 
5.2.2 Design and implementation of an automated workpiece’s setting up routine 
The geometrical registration of a workpiece in the machine coordinate system (MCS) prior to 
executing LMM operations is of critical importance in achieving the required level of 
machining ARR. The common workpieces’ settings up routines used in LMM platforms 
cannot be considered adequate due to their high level of uncertainty in the registration of 
components in the laser systems [203]. Important factors that contribute to the high level of 
uncertainty associated with the widely used workpieces’ settings up routines include: the 
reliance on operators’ experience to perform the alignment procedures, the utilization of 
different component technologies for alignment, such as cameras, confocal probes, and 
mechanical contact probes [204]. These factors affect the achievable ARR in correlating the 
workpiece coordinate system (WCS) to MCS and are a major contributor to the overall ARR 
in LMM operations. Thus, to minimise the uncertainty associated with the workpieces’ 
settings up routines new tools have to be developed that can address the following 
requirements: 
 flexibly to align work pieces with various geometries;  
90 
 
 minimising/eliminating the influence of workpiece’s imperfections, e.g. edge 
definition and surface integrity, on the alignment results; 
 capabilities to link WCS to MCS without the need for pre-existing alignment marks; 
 capabilities to perform non-contact alignment of workpieces and thus to avoid 
damaging processed surfaces and hence additional uncertainty in executing such 
routines, especially when polymers are machined or pre-existing micro features that 
can be easily damaged are used as datum points;   
 minimising the influence of the human factor and the need to use experienced 
operators in conducting the alignment routines. 
An automated workpiece’s setting up routine is proposed to address these requirements. A 
schematic representation of this routine is given in Figure 5.3. It utilizes the FV technology 
[176] and the modular workpiece holding system presented in Section 5.2.1. The installation 
of the modular workpiece holding device both in a FV system and in the LMM platform 
establishes the physical link between them and thus the coordinate systems of the FV system 
(FCS) and MCS can be correlated with a repeatability better then +/- 1 µm (see the 
experimental validation section of the modular workpiece holding device – Section 5.4.1) and 
thus can be considered as a single coordinate system of the holding device (HCS). Therefore, 
through the use of the FV system the geometrical correlation of WCS to HCS can be 
established that consecutively links WCS to MCS automatically because the correlation 
between HCS and MCS is already established. The proposed alignment routine is fully 
automated and this is illustrated in Figure 5.3. Since the FV system creates a 3D 
representation of the workpiece as a cloud of points with uncertainty less than 0.12 µm (when 
5x magnification is used) [176], it is possible to capture workpiece imperfections and thus to 
eliminate their negative effects in linking WCS to MCS. Furthermore, the alignment routine is 
non-contact and pre-existing micro features can be used without damaging them, and thus 
eliminates the need for alignment marks on the workpiece. The proposed alignment routine 
can also increase significantly the throughput of LMM platforms, because the idle times 
associated with in-situ alignment routines are eliminated. In addition, it is important to stress 
that the same alignment routine can be used if a FV probe is integrated in the LMM platforms 
as shown in Figure 5.4. In this way the uncertainty associated with the routine can be further 
reduced in expense of the LMM platforms’ throughput. Finally, it should be also noted that 
in-line inspection routines similar to the workpiece’s setting up one can be developed for 
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implementing rest-volume machining strategies on LMM platforms [205] and also for 
generating “customized” toolpaths for adaptive machining [206]. In particular, the adaptive 
machining approach allows form variations of a workpiece in comparison to its CAD model 
to be compensated and thus to improve the overall machining ARR [207].  
 
Figure 5.3 Schematic representation of proposed workpiece’s setting up routine 
Note to Figure 5.3: The Right-hand rule notations are used. 
 
Figure 5.4 Workpiece’s setting up routine with a FV probe integrated into a LMM platform 
with C rotary stage to swivel between machining and inspection positions 
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5.3 Experimental evaluation of the proposed integration tools and techniques 
5.3.1 Modular workpiece holding device 
The positioning ARR of the proposed modular workpiece holding device are validated with 
the test part shown Figure 5.5. In particular, four equidistantly patterns are produced on an 
interface plate of the modular workpiece holding device with a spacing between them equal to 
50 mm. The pattern consists of five 0.5 mm long crosses, which are positioned along the x 
and y axes of the LMM platform with the nominal distance between them of 0.6 mm. The 
relative positioning movements between the crosses were performed with the mechanical 
stages due to their higher accuracy and repeatability than the optical scanning head. After the 
laser machining of each cross in the four patterns the pallet was dismounted from the holding 
device and then mounted back in order to investigate the ARR achievable with the proposed 
workpiece holding device. The test structures in Figure 5.5 were machined on one more 
interface plate in order to evaluate the positioning reproducibility of the proposed modular 
workpiece holding device. The positioning accuracy was evaluated based on the maximum 
deviations of the distances between the crosses in comparison to their nominal values of 600 
µm. The positional repeatability and reproducibility of the holding device were evaluated by 
comparing the measured distances between the crosses with the average distances between 
them that were obtained from the four patterns on one plate and on the two plates, 
respectively. Thus, positional repeatability and reproducibility of the modular workpiece 
holding device are evaluated based on results obtained from 40 repositionings of the two 
plates in the LMM setup (20 repositionings per sample). 
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Figure 5.5 The test plate used to validate positioning ARR of the proposed modular 
workpiece holding device 
5.3.2 Automated workpieces’ setting up routine 
Experimental evaluation of the alignment ARR of the proposed automated setting up routine 
is performed on a 3D surface of a stainless steel workpiece shown in Figure 5.6. The overall 
size of the sample is 60 x 40 mm and LMM is used to texture the 3D surface of the sample 
with 0.04 mm wide and 0.02 mm deep intersecting trenches, which are 1mm apart and run 
along the x and y axes of the workpiece. In the absence of pre-existing alignment marks on 
the wokrpiece, one of the sample corners is used as a WCS origin as shown in Figure 5.6.  
The laser machining of each trench on the sample is performed after the workpiece has been 
dismounted and aligned again with the proposed setting up routine and thus to assess its 
alignment capabilities.  In total, 98 trenches were machined, 59 and 39 along x and y axes, 
respectively. The processing speed was reduced to 10 mm/s in order to improve the quality of 
the produced trenches, i.e. their edge definition. The LMM operation was performed on two 
different workpieces. Since LMM is very sensitive to focal point changes along z axis, the 
beam propagation direction, any depth and width deviations of the trenches along the 3D 
surface were used to judge about the alignment capabilities of the proposed routine along the 
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z axis. At the same time, the lateral (X-Y plane) alignment accuracy was assessed based on 
the overall deviations of the relative distances between trenches in comparison to the nominal 
value of 1 mm.  The lateral repeatability and reproducibility of the proposed alignment routine 
were evaluated by comparing the measured distances between trenches to their average values 
obtained from the inspected regions on one sample and on the two samples, respectively. 
Thus, the repeatability and reproducibility of the proposed automated workpiece’s setting up 
routine are evaluated based on results obtained from 196 repetitions of the alignment strategy 
(98 alignments per sample).  
 
Figure 5.6 Laser textured test part used to validate the proposed workpiece’s setting up 
routine 
5.4 Results and Discussions 
5.4.1 Modular workpiece holding system 
Figure 5.7a shows one of the laser produced patterns on the interface plate of the workpiece 
holding device and also the measurements carried out to assess the positioning ARR of the 
device. In particular, D1, D2, D3, and D4 are the relative distances between crosses 1 and 2, 2 
and 3, 1 and 4, and 4 and 5, respectively. Also, Figure 5.7b shows how one single 
measurement of the relative distance between crosses 1 and 2 (D1) is completed using the 
Parallel Line Automatic tool of the Alicona G5 2DImageMerasurment module [178]. The 
automatic tool was used due to the high accuracy and repeatability of the carried out 
measurements. Table 5-3 provides the results for the four patterns on the two interface plates 
and each of them is the average value of five measurements as prescribed in the guidelines for 
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assessing machine tools uncertainty budgets [208]. In particular, Table 5-3 provides the 
measured distances together with their corresponding deviations from the nominal value of 
600 µm and the calculated average values calculated based on the results from each sample 
and from both together.  The positioning ARR capabilities of the proposed workpiece holding 
device are assessed based on the analytical procedure provided in Section 5.3.1. It can be seen 
in Table 5-3 that the positioning accuracy of the proposed workpiece holding device is 0.85 
µm, 0.75 µm, 0.75 µm and 0.95 µm and 0.90 µm, 1.00 µm, 0.55 µm and 0.75 µm for Patterns 
1, 2, 3 and 4 on the two plates, respectively. Thus, it can be stated that the positional accuracy 
of the proposed modular wokrpiece holding device is better than 1.00 µm. The positional 
repeatability based on the average measured distances calculated from Sample 1 and 2, 599.55 
µm and 599.95 µm, is 1.2 µm and 1.05 µm, respectively, and thus it is better than 1.2 µm.  At 
the same time, the average measured distance value for the two plates is 599.87 and therefore 
the positioning reproducibility of the proposed workpiece holding device is better than 1.1 
µm. Since the mechanical stages are used to execute repositioning movements between the 
crosses, their positional resolution should be also included in the uncertainty calculations 
when quantifying the ARR capabilities of the workholding device.  In particular, by taking 
into account the uncertainty related to the stages’ movements of 0.25 µm, the total uncertainty 
is 0.3 µm at the 95% confidence level (calculated based on the uncertainty procedure 
provided in Chapter 2). Overall, it can be stated that the positioning ARR of the proposed 
workpiece holding device including the expanded uncertainty are better than +/- 1.0 µm.  
Table 5-3 Results from experimental testing of the modular workpiece holding device 
Plate 1 – Pattern 1 (bottom left) 
 D1 D2 D3 D4 
Nominal distance (µm) 600 
Measured distance (µm) 599.35 599.15 600.35 599.45 
Deviation (µm) -0.65 -0.85 0.35 -0.55 
Plate 1 – Pattern 2 ( bottom right) 
Nominal distance (µm) 600 
Measured distance (µm) 600.50 600.15 600.75 599.35 
Deviation (µm) 0.50 0.15 0.75 -0.65 
Plate 1 – Pattern 3 ( top left) 
Nominal distance (µm) 600 
Measured distance (µm) 599.30 599.25 600.35 600.45 
Deviation (µm) -0.70 -0.75 0.35 0.45 
Plate 1 – Pattern 4 ( top right) 
Nominal distance (µm) 600 
Measured distance (µm) 599.50 599.65 600.15 599.05 
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Deviation (µm) -0.50 -0.35 0.15 -0.95 
Average measured distance for Sample 1 (µm) 599.55 
Plate 2 – Pattern 1 (bottom left) 
 D1 D2 D3 D4 
Nominal distance (µm) 600 
Measured distance (µm) 599.10 599.25 599.35 599.95 
Deviation (µm) -0.90 -0.75 -0.65 -0.05 
Plate 2 – Pattern 2 ( bottom right) 
Nominal distance (µm) 600 
Measured distance (µm) 601.00 600.15 600.45 599.85 
Deviation (µm) 1.00 0.15 0.45 -0.15 
Plate 2 – Pattern 3 ( top left) 
Nominal distance (µm) 600 
Measured distance (µm) 600.50 599.45 600.05 599.75 
Deviation (µm) 0.50 -0.55 0.05 -0.25 
Plate 2 – Pattern 4 ( top right) 
Nominal distance (µm) 600 
Measured distance (µm) 600.20 600.65 600.25 599.25 
Deviation (µm) 0.20 0.65 0.25 -0.75 
Average measured distance for Sample 2 (µm) 599.95 
Average measured distance for the two plates (µm) 599.90 
 
Figure 5.7 Laser machined Pattern 1 on the first interface plate: (a) a view of the complete 
pattern and (b) close view of two crosses from the machined pattern 
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5.4.2 Automated workpiece’s setting up routine 
Figure 5.8a shows a cloud of points representing the 3D surface of a sample prior to the laser 
texturing operation, while Figure 5.8b provides a close view of one of the sample edges, 
where workpiece imperfections such as roughness, waviness and edge definition are clearly 
visible. Such workpiece imperfections affect the achievable alignment accuracy with 
manually executed setting up routines when high resolution optical cameras are employed. In 
contrast, the proposed alignment routine scans the complete sample and thus takes into 
account the wokrpiece imperfections and minimises their effects on alignment accuracy and 
precision. Figure 5.9 shows a scan field of the laser textured 3D surface, where the test 
procedure applied to validate the proposed workpiece setting up routine is also depicted. In 
particular, Pi represents the points at which the depth and width profiles of the trenches are 
analysed, while Ii represents the intersection points between the trenches used to evaluate the 
lateral alignment accuracy. An example of the carried out profile analysis is given in Figure 
5.10 where the width and depth of a single trench at three Pi are provided. LMM operations 
are very sensitive to any offsets of the focal points from the workpiece surface which results 
in variations of the depth and width of the trenches along the 3D surface. There are two main 
factors contributing to this offset, in particular the alignment accuracy and the dynamic of the 
Z optical axis, especially the moving lens used to realise it. The scanning speed during the 
laser texturing operation in this test was reduced to 10mm/s to minimise the effects of this 
factor. Consequently, the good profile uniformity of the trenches along the 3D surface can be 
attributed mostly to the capability of the proposed setting up routine. The total number of 
analysed trenches is six, three along the x and y axes, and thus the total number of Pi 
inspected is 18. Figure 5.11 provides a plot with the performed analysis of all 12 trenches 
machined on the two samples. Based on these results it can be stated that the maximum 
deviation of the widths and the depths of the trenches on the two samples do not exceed +/- 5 
µm and thus this demonstrates the accurate and repeatable alignment along the z axis of the 
LMM platform.  
Furthermore, a quantitative evaluation of the lateral alignment ARR achieved with the 
proposed setting up routine is also performed by measuring the distances between individual 
trenches at the intersection points, Ii, as shown in Figure 5.12. In particular, the relative 
distance between the trenches is measured and then compared with their nominal values to 
judge about the alignment accuracy of the proposed setting up routine. For example, the 
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alignment accuracy shown in Figure 5.12 is 5.3 µm and 2.5 µm along the y and x axes, 
respectively. The total number of intersection points investigated per sample is four and the 
results are provided in Table 5-4.  The maximum overall deviation of the relative distances 
between the trenches for the two machined samples is 7.4 µm and thus it can be stated that the 
lateral alignment accuracy is better than 7.4 µm. Thus, taking into account the average values 
in Table 5-4 the lateral alignment repeatability achieved for Sample 1 and 2 are 5.8 µm and 
7.3 µm, respectively, while the lateral alignment reproducibility is better than 6.9 µm. The 
total uncertainty of the alignment routine is 0.7 µm at the 95% confidence level (refer to 
Chapter 3 for detailed explanation of the uncertainty procedure). Based on these results, it can 
be stated that the lateral alignment ARR achievable with the proposed workpiece setting up 
routine including the expanded uncertainty are better than +/-4.0 µm. 
 
Figure 5.8 The scan results obtained with the FV system: (a) 3D surface of the sample 
workpiece represented as a cloud of pints and (b) a close view of a sample edge 
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Figure 5.9 Laser textured surface represented as a cloud of points acquired with the FV 
system 
 
Figure 5.10 Depth and width profiles at three different points on a single trench: (a) point 1 
(P1), (b) point 2 (P2) and (c) point 3 (P3) 
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Figure 5.11 Results for the six trenches per sample analysed on the two samples 
 
 
Figure 5.12 The measurements of distances between the trenches at an intersection point 
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Table 5-4 Measurements of relative distances between the trenches in regards to their nominal 
values 
Parameter Sample 1 Sample 2 
Intersection Point I1 I2 I3 I4 I1 I2 I3 I4 
Nominal Length (x-axis) (µm) 1000 
Measured Length (x-axis)( µm) 1002.5 1001.6 998.2 1003.2 1003.1 1004.2 997.6 1006.1 
Deviation-x axis (µm) 2.5 1.6 -1.8 3.2 3.1 4.2 -2.4 6.1 
Nominal Length (y-axis) (mm) 1000 
Measured Length (y-axis)( µm 994.6 996.5 1001.4 1005.1 993.9 996.4 1004.1 1004.2 
Deviation-y axis (µm) -5.4 -3.5 1.4 5.1 -6.1 -3.6 4.1 4.2 
Overall absolute deviation (µm) 6.0 3.8 2.3 6.0 6.8 5.5 4.8 7.4 
Average Measured Length ( µm) 1000.4 1001.2 
Average Measured Length from the two samples (µm) 1000.8 
5.5 Conclusions 
This chapter presents two generic integration tools for improving the system-level 
performance of reconfigurable LMM platforms. The tools offer sufficient flexibility, 
robustness and operability to address important system-level issues in LMM and create the 
necessary pre-requisites for improving machining ARR of LMM platforms. In particular, the 
research reports the design and implementation of modular workpiece holding device and 
automated workpiece setting up routine that have a significant influence on the machining 
capabilities of LMM platforms. The following conclusions can be made:  
 System-level integration issues in LMM systems have been identified that limit their 
manufacturing capabilities and are important factors affecting their machining 
performance and also their broader use in various application areas.  
 Existing LMM systems can provide extensive manufacturing capabilities but their 
available system-level integration tools are not generic and far from what should be 
expected from machine tools for realising complex machining operations. Especially, the 
system-level component technologies that were identified as critical for improving the 
reliability, robustness and interoperability of LMM platforms and also to achieve the 
necessary machining ARR for their broader use are: modular workpiece holding device 
and automated workpiece setting up tool.  
 The modular workpiece holding device allows different LMM configurations to be 
realised, e.g. the machining of complex prismatic and axis-symmetric parts, while 
delivering positional ARR better than +/- 1 µm, respectively. The design is based on the 
use of standardised commercially available components that can be used for manual or 
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automated positioning of the parts on LMM platforms. Furthermore, the modular design 
facilitates the integration of LMM systems into multi-process manufacturing platforms.  
 The proposed automated workpiece setting up routine can be applied for LMM of 
complex free-from parts without the use of alignment marks. The routine is fully 
automated while delivering alignment ARR better than +/- 4 µm, respectively, by 
employing the proposed workpiece holding device and an FV probe. Due to the low 
resolution required to execute the setting up routine, a very good balance between its ARR 
and the time necessary to complete it can be achieved. It should be noted that the same 
alignment routine can be used if a FV probe is integrated in the LMM platforms and in 
this way the uncertainty associated with the routine can be reduced but in expense of the 
LMM platforms’ throughput. In addition, in-line inspection routines similar to the 
workpiece’s setting up one can be developed for implementing rest-volume machining 
strategies on LMM platforms and also for generating “customized” toolpaths for adaptive 
machining. 
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CHAPTER 6 
GENERIC SOFTWARE TOOLS TO EXTEND THE 
MANUFACTURING CAPABILITIES OF 
RECONFIGURABLE LASER MICROMACHINING 
SYSTEMS  
 
Outline of the chapter 
This chapter is dedicated to the development of generic software tools, which can 
substantially improve the manufacturing capabilities of reconfigurable LMM systems in terms 
of machining throughput and complexity of the laser manufacturing operations. In particular 
two generic software solutions are proposed and validated: 
 A software tool to counteract the negative dynamic effects of optical scanning head 
systems, caused by beam deflectors’ inertia. In particular, a detailed characterization of 
the speed dependent performance of state-of-art beam deflector system is carried out and 
based on the revealed dynamic deficiencies of the scanning head, the proposed software 
tool introduces machine specific compensations in machining vectors to counteract the 
negative dynamic effects of scan heads and thus to improve significantly the laser 
machining performance across the full range of available processing speeds. Hence, the 
machining throughput can be increased, while at the same time machining quality is 
substantially improved by maintaining a constant pulse distance throughout the machining 
operations. 
 An automated software routine for multi-axis LMM employing rotary stages. In particular, 
the proposed techniques maps the displacement vectors between the coordinate systems of 
the optical axes (defined by the scan head) and the mechanical axes (defined by the 
mechanical stages) when the rotary stage(s) is(are) utilized to execute arbitrary angular 
movements. Thus, the software tool predict translational errors between the two 
coordinate systems when arbitrary angular rotations are performed and accordingly 
introduces corrective commands in the machine routines in order to maintain the 
established relative geometrical correlation between the coordinate  systems of the scan 
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head and the stack of mechanical stages. Hence, the manufacturing capability of the LMM 
platform to perform demanding complex machining routines, which require accurate and 
precise repositioning of workpieces during the machining operations, has been 
substantially increased.  
The research reported in this Chapter refers to Publication 4 and 6 from the List of 
Publications.
 
6.1 Generic software tool for counteracting the negative dynamic effects of optical 
scan heads 
6.1.1 Introduction 
The comparative study presented in Chapter 4 revealed that achievable machining accuracy 
with optical beam deflection systems is worse than that achievable with mechanical axes. In 
addition, processing capabilities of optical laser beam deflection systems were also 
investigated by a number of research groups and their common conclusion is that they are not 
sufficiently mature [209-211]. A general misconception for their capabilities is the 
presumption that the scanner movement ARR stated in equipment manufacturers’ 
specifications is an absolute parameter. For example, in an experimental study focused on 
evaluating ARR of LMM systems, it was concluded that their performance was far away from 
their stated specifications [209]. Thus, it should be noted that the beam movement accuracy is 
a relative parameter that depends highly on the operating parameters of the beam deflection 
system, such as the movement mode and the used scanning speed and machining strategies.  
Therefore, a deterministic evaluation of the system performance can only be accomplished if 
the processing framework is pre-defined. Thus, any investigations of LMM systems’ 
performance should be carried out within a pre-defined processing framework, for example by 
employing the vector movement mode and by utilising the full field of view of the used 
focusing lens. 
Optimizations of beam deflection systems to improve machining results were also reported in 
a number of publications. In particular, the proposed approaches apply ”a drive signal digital 
pre-filtering’’ techniques to improve the dynamic performance of optical beam deflection 
systems by performing a real-time Fourier analysis of the raw command signals [110, 111, 
212]. However, this techniques are not sufficiently effective when it is required micro-
engineering components to be produced with high ARR [7,213] and therefore other MMPs 
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have to be employed together with specially developed software tools to compensate process 
limitations [214, 215]. Such software tool for layer-based micromachining was also reported 
to improve the resulting surface topography following laser-milling [116] by optimising the 
slicing procedure and vector orientations in each layer for 3D geometries. However, the 
proposed software tool does not address ARR issues associated with the negative dynamic 
effects of the optical beam deflection systems. A commercial beam deflection system that was 
introduced recently offers a ‘’sky-writing’’ function for applications requiring a higher 
accuracy, where each “mark” vector is precisely executed at a constant processing speed over 
the entire vector length [216]. However, an important shortcoming of this function is that 
users still need to manually define a set of functional parameters by conducting time 
consuming optimization experiments. Furthermore, the ‘’sky-writing’’ functionality is 
available only to customers of this commercially available system and thus it cannot be 
considered a generic solution.   
6.1.2 Main components and working principle of optical beam deflection systems 
Optical beam deflection systems are closed-loop dynamic systems that consist of reflective 
mirrors mounted on highly precise galvanometer motors with servo control systems [217]. 
The galvanometer has two main parts: an actuator that produces a rotary beam deflection in 
response to electric current and an integral position detector for a closed loop control. The 
closed loop servo system controls the movement of the laser beam by comparing the position 
detector’s current output signal with the reference input signal, the commanded position, and 
then drives the actuators to the desired position by introducing the necessary corrective action 
[218]. Furthermore, the controller also synchronizes the laser triggering in accordance to the 
laser beam movement in order to produce the desired machining patterns [216]. 
The optical laser beam deflection systems are component technologies in LMM systems that 
are controlled through discrete numerical control (NC) commands to deliver the required 
machining movements. Their operation can be customized through a list of user-defined 
parameters, such as laser delays, scanner delays and processing speeds, which can be set to 
fulfil specific machining requirements. The optical beam deflection systems support three 
types of vectors, namely jump, arc and scan vectors [216]. In essence, jump vectors command 
rapid beam positioning movements with the laser shatter on, whilst scan and arc vectors 
execute machining movements with predefined laser processing settings. Throughout the 
execution of a given machining path, the closed loop servo system feeds corrective actions 
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into the controller and thus to guarantee the precise rotary movements of the beam deflectors. 
However, even with the implementation of such Proportional Integral Derivative (PID) 
control loop, the corrective actions cannot offset fully the system inaccuracies due to the 
existence of inertia and damping [111]. Other factors, which limit the performance of optical 
beam deflection systems, include torsional resonance, heat dissipation, drift, nonlinearities, 
and noise [110]. The dynamic effects due to the system’s inertia increase with the increase of 
the beam deflectors' rotary speed that ultimately affects the machining results. The dynamic 
effects have a direct impact on the resulting machining accuracy and quality and they are 
discussed in the two sub-sections below.  
 
Figure 6.1 Dynamic effects of an optical beam deflection system on the dimensional accuracy 
during the laser machining of (a) target geometry (b) with deactivated scanner and laser 
delays and (c) with activated scanner and laser delays 
6.1.2.1 Machining accuracy 
Figure 6.1b gives a simple example of the beam deflection system effects on dimensional 
accuracy of the laser machining results. It can be clearly seen by referring to Figure 6.1a that 
the system does not perform the machining movements as intended and there is a speed 
dependent discrepancy between the programmed and the actual beam movements. In 
particular, the machining vectors do not reach the programmed position and “tails” are formed 
along the beam path both at the beginning and at end of each vector. Also, these errors 
increase with the increase of the processing speed as it can be seen by comparing Figure 6.1b, 
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where the geometry is produced at the high scan speeds (1-2 m/s), and Figure 6.1c, where the 
geometry produced is produced at significantly lower scan speeds (10-50 mm/s). 
 
Figure 6.2 An example of (a) programmed machining vector and (b) executed machining 
vector 
Figure 6.2a shows an example of a machining vector that was programmed for execution by 
the beam deflection system while Figure 6.2b depicts the actual response of the mirror 
galvanometers to the programmed movement command. It can be clearly seen that there is a 
discrepancy between the programmed and actual machining paths that results from the 
existence of acceleration and deceleration regions at the start and end of each machining 
vector, respectively. These machining errors occur because the programmed path and the set 
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scan speed only without the dynamic of the beam deflection system were taken into account 
when generating the control signal for the galvanometers’ rotary movement. In particular, the 
errors represent the difference between the programmed movement with a constant scan speed 
and the actual path without the effects of the galvanometers’ dynamic, especially a shorter 
travel than intended. 
The state-of-the-art optical laser beam deflection systems have the capabilities to compensate 
the dynamic effects by introducing delays in the galvanometer rotary movements and also in 
triggering the lasers [111, 216]. There are three types of scanner delays, namely jump, mark 
and polygon delays that have to be included after each jump or scan command, and 
effectively give more time to the mirror galvanometers to complete the programmed 
movements. Additionally, there are two types of laser delays, namely laser on and laser off 
delays, which adjust the triggering of the laser to the amended laser beam movement with the 
incorporated time compensations for the galvanometers’ acceleration and deceleration 
regions. Furthermore, laser delays are also used to compensate the response time of the 
employed laser source. In particular, the lag between the executed and the programmed 
movements is compensated with a mark delay as shown in Figure 6.3, which gives the mirror 
galvanometers more time to complete a machining command while the laser on and off delays 
are adjusted in accordance to the beam deflectors’ real movement. The introduction of 
scanner and laser delays can improve significantly the dimensional accuracy of produced 
components and thus to minimise and even to eliminate the scanners’ machining errors by 
providing enough time for the scanners to complete the programmed movements as 
exemplified in Figure 6.3. However, it should be also noted that the introduction of scanner 
and laser delays can be very time consuming and tedious task because the delays need to be 
optimised for different processing speeds and also for different machining geometries [110]. 
Furthermore, the introduction of scanner delays does no eliminate the varying pulse distances 
at the start and the end of each machining vector (see Figure 5.3) with its negative side effects 
(see Section 6.1.2.2 below) and also increases the machining time. 
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Figure 6.3 Introduction of scanner and laser delays to improve machining accuracy by 
eliminating positioning errors of scanner systems 
6.1.2.2 Machining quality 
The negative scanner dynamic effects also affect the machining quality, especially the 
uniform ablation of material across the whole processing area. This is the result of the varying 
pulse distance, PD = Vscan / fp , where Vs and fp are the beam scan speed and pulse frequency, 
respectively. In particular, since fp is constant across any laser machined area, the changes of 
Vs in the acceleration and deceleration regions leads to variations of the pulse distance at the 
beginning and the end of every scan/machining vector. Thus, more laser pulses are irradiated 
in these regions as shown in Figure 6.4, which is the reason for not having a uniform material 
ablation along the beam path. 
Even though, fine tuning of scanner and laser delays could lead to marginal improvements of 
machining quality, they are not sufficient to achieve optimum machining results, because the 
acceleration and deceleration regions are still present even after the introduction of delays. 
This is due to limitations in integration architectures of laser sources and scanner systems, 
especially the limited capabilities of scanner drivers to vary the laser processing parameters 
“on the fly”. Especially, the main components of LMM systems, e.g. laser sources, scanner 
systems and mechanical stages, are controlled independently with limited exchange of control 
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data, and thus their operations cannot be fully synchronized when executing machining 
vectors. An evidence of this not fully synchronized control of LMM component technologies 
is non uniformed material ablation across the laser processed areas. Figure 6.5 depicts the 
accumulated result of this non uniform processing after layer-based LMM of a pocket, in 
particular after ablating five layers (five repetitive scans of machining vectors) on a stainless 
steel specimen. 
 
Figure 6.4 Pulse distance variations with the increase of the scan speed in the acceleration 
region of a machining vector 
 
Figure 6.5 The non-uniform ablation after processing five layers of material: (a) 3D view; (b) 
contour plot; (c) profile cross section on the ablated region 
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6.1.3 Design considerations  
Taking into account the limitations of currently available control architectures for integrating 
laser sources with beam deflection systems, especially in context of Configuration B and C 
LMM (presented in Chapter 2), a software solution to improve both dimensional accuracy and 
machining quality is proposed. This is achieved by developing an adaptive CAD/CAM 
postprocessor that minimises the negative dynamic effects of beam deflection system on the 
LMM systems’ ARR. This adaptive solution supplements a conventional postprocessor that 
only translates the beam path created based on the CAD data into a NC part-program for a 
given LMM system configuration. In particular, this adaptive postprocessor includes the 
capabilities of the conventional postprocessor for translating the beam movements into 
machine executable commands in addition to the capabilities for introducing systematic 
changes, in particular compensations for the beam deflectors acceleration and deceleration 
regions, into the machining vectors. Thus, it becomes an “active layer” between the standard 
CAD/CAM process and LMM systems. Its functionality includes apart from translating jump 
and machining vectors into machine executable commands, the introduction of machine and 
process settings’ dependent compensations in order to offset the specific negative dynamic 
effects of the used beam deflectors.  
The proposed adaptive postprocessor minimises and even eliminates the discrepancies 
between the programmed and actual beam movements in the acceleration and deceleration 
regions of machining vectors by introducing beam path adjustments while improving the 
machining quality by maintaining a constant pulse distance during all machining commands. 
This is achieved by calculating machine specific compensation values based on the used beam 
scanning speed that equal the necessary acceleration and deceleration distances to reach the 
set scanning speed. The system architecture of this adaptive postprocessor is schematically 
presented in Figure 6.6. The postprocessor is initiated with the input of a Cutter Location 
(CL) data file, which represents the laser beam path generated directly from the part CAD 
model for a selected laser machining strategy [116]. Such CL data files can be generated by 
most commercially available CAM software tools and a detailed description of the CL data 
generation for layer based machining is reported by other researchers. Following input of the 
CL data, it is necessary to enter laser machining parameters, namely scanning speed and laser 
beam diameter. Then, the postprocessor introduces systematic changes to the beam path that 
are compensations for laser delays and laser beam diameter in machining vectors. Finally, the 
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postprocessor outputs a NC file that contains machine executable commands to realise the 
beam path by taking into account the NC technology language of a given LMM system and 
also includes a text header with the optimised laser delays. 
 
Figure 6.6 The architecture of the adaptive postprocessor 
The implementation of the proposed adaptive postprocessor, especially its ‘’active layer’’, 
includes the following two steps: 
Step 1: Offsetting of machining vectors  
It is necessary to obtain experimentally information about the dynamics of the beam 
deflection system used in any given LMM system. Especially, an empirical model has to be 
created that characterizes the actual dynamic response of the beam deflection system when 
executing machining vectors across the full range of accessible processing speeds. 
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Experimental tests have to be conducted that include the machining of single lines with 
different processing speeds and thus to obtain information about the acceleration and 
deceleration regions at different scanning speeds. Based on the collected data for the dynamic 
performance of the beam deflection system, a regression model can be created to determine  la 
≈  f (V, β), where: V is the scan speed, la - the acceleration region length and β – regression 
parameters.  
Such empirical models can be used also to predict deceleration region lengths (ld) at different 
scan speeds by assuming a symmetrical dynamic performance of the beam deflection system 
at the end of each machining vector. By applying these models, scanning speed dependent 
compensations to each machining vector can be introduced that in practice represent 
offsetting values of the vectors’ start and end points with la and ld , respectively.  
Step 2: Application of laser delays 
Following the offsetting step, the laser on and off time events should be adjusted to maintain 
constant pulse distances when executing laser machining commands and thus to have an 
uniform laser ablation over the processed areas. Thus, it is necessary to find the time that the 
beam deflection system needs to travel through the acceleration region and thus to calculate 
the laser on delay.  Since laser on time events are triggered by the laser source controller, they 
can be calculated based on the assumption that the beam deflectors travel with a constant 
speed throughout the full length of a given machining vector. Consequently, the time (ta) 
required by the beam deflection system to cover an acceleration region at a certain speed can 
be calculated as follows: 
𝑡𝑎 =
𝐿 
𝑉
−  
(𝐿 − ∆𝐿)−𝑙𝑎
𝑉
+
𝑑
2𝑉
                    (Equation 6.1) 
where: L is the nominal length of a machining vector; ∆L - the deviation (machining error) 
between the nominal and the actual lengths of the vector;  V – the programmed scan speed; 
and d – laser beam diameter.  
Since ∆L is a speed dependent parameter, experimental tests have to be performed in order to 
derive their interdependence empirically. Again, based on such experimental data, a 
regression model can be created, in particular: ∆L ≈ f ( V, β ). 
Thus, to minimise the machining errors and achieve laser processing with a constant pulse 
distance it is necessary to apply a laser-on delay (ton) at the start of each machining vector that 
is equal to ta at the set scan speed for a given beam deflection system. At the same time, laser-
off delay (toff) is calculated as follows: 
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𝑡𝑜𝑓𝑓 =
𝐿 
𝑉
−  
(𝐿+𝑙𝑎+𝑙𝑎)− ∆𝐿−𝑙𝑎
𝑉
−
𝑑
2𝑉
  =  
 ∆𝐿−𝑙𝑎
𝑉
−
𝑑
2𝑉
                 (Equation 6.2) 
In addition, a compensation for the laser beam diameter is introduced in this step. This is 
achieved by adding and subtracting a time constant (d/2V) from ton and toff, respectively.  
 
Figure 6.7 The combined effects of applying the adaptive post-processor on machining 
accuracy and machining quality 
Figure 6.7 exemplifies how such systematic compensations for the dynamics of the beam 
delivery system can be used to “adapt” machining vectors to the set scanning speeds and then 
by applying the necessary laser on and off delays to obtain a constant pulse distance when 
executing machining commands. Thus, it is ensured that the real movements of the laser beam 
are executed with no discrepancy from the laser beam movement commands. Furthermore, 
the use of such a postprocessor also eliminates the need to apply laser beam diameter offsets, 
because they are already included into the generated machine executable commands and no 
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further changes into the CAD and/or CAM models are needed in order to achieve machining 
accuracy and machining quality improvements on LMM platforms.  
The proposed adaptive postprocessor was implemented using a commercially available 
software tool for creating postprocessors, in particular DELCAM PostProcessor and then 
integrated into commercial CAD/CAM systems, in particular ArtCam and PowerMill, to 
validate its performance. Since dynamic behaviour of beam delivery systems is already taken 
into account by this postprocessor, the generation of beam paths and then machine executable 
part programs is fully automated. Thus, users can benefit from this software solution 
regardless of their knowledge and experience with the used specific LMM systems. Appendix 
5 provides in-depth description of the implementation of the proposed postprocessor as a 
stand-alone software tool by utilizing the DELCAM Postprocessor, while Appendix 6 
demonstrates integration of the implemented adaptive postprocessor in DELCAM ‘’ArtCam’’ 
software and provides an example of its application for the laser machining of complex 3D 
geometries. 
6.1.4 Experimental Validation 
6.1.4.1 Experimental acquisition of the dynamic response of the beam deflection system 
Experimental tests were performed on a Configuration B LMM platform that is equipped with 
a state-of-art beam deflection system and two laser sources - a SPI redENERGY G4 S-type 50 
W fibre laser and an Amplitude Systemes Satsuma 5W ultrafast fibre (the detailed description 
of the laser system could be found in Chapter 3). 
Experimental tests were conducted on the state-of-art LMM platform to determine the 
dynamic effects of the optical beam deflection system integrated in it. As it was explained in 
Section 6.1.3, these experiments were necessary to obtain the machine specific information 
that is required to implement the proposed software tool. In particular, the experiments 
included the machining of single lines with different processing speeds and thus to obtain 
information about the acceleration and deceleration regions at different scan speeds. Figure 
6.8 depicts the interdependences between acceleration region lengths and scan speeds for the 
used beam deflection system. Based on this result an empirical model is generated to 
determine the acceleration region length, in particular:   
𝑙𝑎 = 0.1772𝑉 + 2.0451                 (Equation 6.3) 
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Figure 6.8 Interdependences between acceleration region lengths and scan speeds 
In addition, further experiments were conducted to determine the machining error (∆L) 
dependence on the scan speed on this LMM platform. Again, this is necessary in order to 
implement the proposed software tool. Especially, Figure 6.9 shows the interdependence 
between the machining errors and the set scan speeds for the used LMM platform. Based on 
these experimental results the following empirical model is created:   
∆𝐿 = 0.2177 𝑉 − 1.3233                  (Equation 6.4) 
 
Figure 6.9 Interdependences between the machining errors and the set scan speed 
Measurements and analyses of experimental results were performed on an optical 3D 
microscope, namely Alicona Infinite focus G5 (further technical information for the system 
could be found in Chapter 3). 
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6.1.4.2 Experiments’ design 
6.1.4.2.1 Lines’ machining 
The experimental validation of the proposed software solution for offsetting the dynamic 
effects of the scan heads included the machining of simple lines on the sample surface and 
thus to demonstrate clearly the benefits of the proposed tool for improving the ARR 
capabilities of the optical beam deflection systems. The lengths of the lines were set to 2 mm 
in order to perform high resolution measurement of the produced geometries. In addition, 
lines were produced along X and Y axes of the optical beam deflection system and thus to 
demonstrate the effectiveness of the proposed software solution regardless of machining 
vectors’ directions. This simple test structures were produced both before and after applying 
the proposed software tools in order to assess their effectiveness in improving the machining 
results. Especially, to validate both the proposed adaptive postprocessor under different 
dynamic conditions, four processing speeds were investigated. Furthermore, each line was 
scanned ten times and thus to draw conclusions about the effects of the proposed tool on ARR 
capabilities of the used LMM platform. The machining of the lines was carried out on 
Stainless Steel (SS316) specimens by employing the SPI laser source. The laser machining 
parameters used are provided in Table 6-1. The laser frequency was varied with the increase 
of the scan speed in order to obtain single pulse craters. The appropriate laser delays were 
calculated for the respective process speed by using Equations 6.1 and 6.2. Using these 
process settings the following three machining trials were conducted: 
 Trial 1: machining of lines without applying the software tool; 
 Trial 2: machining of lines without applying the postprocessor, but with optimized scanner 
and laser delays; 
 Trial 3: machining of lines after applying the stand-alone adaptive postprocessor both 
along the X and Y axes of the beam deflector system.  
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Table 6-1 Process settings used in the lines’ machining 
 Simple lines – Trial 1,2, and 3 
Line 1 Line 2 Line 3 Line 4 
Laser Source SPI 
Material Stainless Steel(SS316) 
Average Power [W] 40 
Frequency [kHz] 5 10 15 20 
Pulse duration [ns] 220 
Beam Diameter [µm] 30 30 30 30 
Scanning Speed [m/s] 0.5 1 1.5 2 
Layers 10 10 10 10 
6.1.4.2.2 Machining of passive waveguide filters 
The experimental validation of the adaptive postprocessor is also performed on an intricate 
3D geometry with a micro engineering application. The component is a passive waveguide 
filter [219], which was selected due to its complex geometry, which includes micro- and 
meso- scale functional features. Thus, the effectiveness of the proposed software tools was 
evaluated both across the full field of view of the used focusing lens system and also for 
machining micro-scale structures. Figure 6.10 shows the CAD model of the waveguide filter 
with its nominal dimensions. The machining of the waveguide structure was carried out on a 
brass specimen by employing the Satsuma laser source. The machining strategy employed in 
the trials generated machining vectors that are normal across the waveguide length and layer-
based processing was used to produce the 3D structures.  
 
Figure 6.10 The design of the microwave filter together with its important nominal 
dimensions 
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The used laser machining parameters are provided in Table 6-2. The laser processing settings 
were optimised to meet the technical requirements for this passive waveguide filter, in 
particular a surface roughness (Ra) better than 300 nm. The laser delays are again calculated 
by applying Equations 6.1 and 6.2. The impact of the proposed adaptive postprocessor on 
laser machining time and thus the machining effectiveness was also assessed. It is important 
to note that the machining without applying the adaptive postprocessor required a substantial 
lowering of the scan speed in order to obtain comparable machining results from the both 
tests. Thus, a total number of four machining trials were conducted, in particular: 
 Trial 1: machining of the microwave filter without applying the postprocessor at a high 
scan speed; 
 Trial 2: it is the same as Trial 1, but with optimised beam deflection system and laser 
delays; 
 Trial 3: machining after applying the adaptive postprocessor and by using the same scan 
speed as in Trial 1; 
 Trial 4: machining without applying the postprocessor but with the optimised (reduced) 
scan speed (calculated using Equation 6.4) in order to obtain similar machining results to 
those in Trial 3.  
Table 6-2 Process settings used for the machining of passive waveguide filters 
 Microwave Component 
Trial 1, 2 and 3 Trial 4 
Laser Source Satsuma 
Material Brass 
Average Power [W] 4.2 4.2 
Frequency [kHz] 500 12.5 
Pulse duration [fs] 310 310 
Beam Diameter [µm] 30 30 
Scanning Speed [m/s] 2 0.050 
Layers 15 15 
6.1.5 Results and Discussions 
6.1.5.1 Single pulse craters’ lines 
The results from the machining of single craters’ lines to validate the proposed adaptive 
postprocessor are shown in Figure 6.11, while Table 6-3 provides machining errors and 
acceleration region lengths at the applied scan speeds in the three trials. The total 
measurement uncertainty at the 95% confidence level, provided in Table 6-3, was calculated 
based on the uncertainty procedure provided in Chapter 3.  Figure 6.11a shows the results 
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from the machining of the horizontal lines without applying the proposed postprocessor. It 
can be seen that each of the lines is shorter than the programmed length of 2 mm and the 
machining accuracy decreases with the increase of the scan speed. For example, at 0.5 m/s, 
the machining error is 107.3 µm, while at 2 m/s it is 431.9 µm. Furthermore, the machining 
quality at the beginning of the lines is much worse in comparison to their middle sections, 
which is due to the increasing scan speed and changing pulse distance in the acceleration 
regions as shown in Figure 6.12. In addition, Figure 6.12 shows that the acceleration region 
length increases with the increase of process speed. Once, the beam deflector system reaches 
its set scan speed, the pulse distance becomes constant and as a consequence the distance 
between the pulse craters become uniform as this can be clearly seen in Figure 6.11a. Figure 
6.11b shows the results of the machined horizontal lines without applying the proposed 
postprocessor, but with optimized scanner and laser delays. Even though the introduction of 
the appropriate scanner and laser delays can significantly improve the dimensional accuracy 
of the laser processed simple lines, in particular the deviation was reduced to +/- 10 µm, the 
machining quality of the lines is not acceptable, because the pulse distance is not kept 
constant along the laser machining path.  In addition, the laser processing of short vectors 
with lengths comparable to the sum of acceleration and deceleration lengths can be difficult to 
realise without reducing substantially the scanning speed and thus sacrificing the machining 
efficiency. Figure 6.11c shows the results of the machined horizontal lines after applying the 
proposed adaptive postprocessor. The machining errors were reduced and the process ARR 
was improved dramatically and thus to be able to produce lines with deviations less than +/- 
10 µm from their nominal dimensions regardless of the set scan speed. Furthermore, the 
quality of produced lines in Trial 3 is also improved, because the pulse distance is maintained 
constant throughout the whole length of the lines, which results in uniform distances between 
the pulse craters. This allows laser processing of different size features regardless of the set 
scan speed, even if the machining vectors are much smaller than the respective acceleration 
and deceleration lengths. Table 6-3 summarizes the results from the machining of X and Y 
lines with the proposed adaptive postprocessor and they are comparable along the both axes. 
Thus, this demonstrates that the performance of the proposed software tool does not depend 
on the direction of the machining vectors. Also, Trial 3 demonstrates that machining results 
with pseudo-repeatability of less than 1.5 µm at different scan speeds can be achieved by 
maintaining the pulse distance constant when executing the machining vectors. In addition, 
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based on the results from Trial 3 it can be stated that a reproducibility of less than 7 µm was 
achieved regardless of the set scan speed. 
Table 6-3 The results from the single pulse craters’ lines 
 
Trial 1 (without the postprocessor) 
Line  1 Line 2 Line 3 Line 4 UT 
Machining error [µm] 104.6 217.4 323.0 425.0 +/- 1.1 
Acceleration region length [µm] 89.9 187.7 292.6 349.6 +/- 1.2 
 
Trial 2 (without the postprocessor, but with delays) 
Line 1 Line 2 Line 3 Line 4 SD 
Machining Error [µm] 4.2 2.3 8.0 9.9 +/- 0.9 
Acceleration region length [µm] 89.9 187.7 292.6 329.6 +/- 0.8 
 
Trial 3 (with postprocessor, X) 
Line 1 Line 2 Line 3 Line 4 UT 
Machining Error [µm] 3.1 2.2 7.4 5.8 +/- 0.9 
Acceleration region length [µm] 0 0 0 0 +/- 0.9 
 
Trial 3 (with postprocessor, Y) 
 
Line 1 Line 2 Line 3 Line 4 UT 
Machining Error [µm] 2.8 2.1 5.4 4.1 +/- 1.4 
Acceleration region length [µm] 0 0 0 0 +/- 1.4 
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Figure 6.11 Validation tests with single pulse craters’ lines: (a) Trial 1 – machined lines along 
x-axis without the postprocessor, (b) Trial 2 - machined lines along x-axis without the 
postprocessor, but with optimized scanner and laser delays (c) Trial 3 – machined lines along 
x-axis after applying the postprocessor 
123 
 
 
Figure 6.12 Acceleration region lengths in Trial 1 and Trial 2 produced at scan speeds of: (a) 
0.5 m/s, (b) 1 m/s, (c) 1.5 m/s, (d) 2 m/s 
6.1.5.2 Passive microwave filter 
The laser machining results of the waveguide are shown in Figure 6.13, while Table 6-4 
summarizes the accuracy achieved in Trials 2, 3 and 4. The total measurement uncertainty at 
the 95% confidence level is calculated to be less than +/-1 µm. The structure produced in 
Trial 1 demonstrates the inability of the laser machining process to deliver the required level 
of dimensional accuracy at high processing speeds. This is due to the negative dynamic 
effects of the used beam deflection system that result in waveguide channels that are 
significantly narrower than the programmed nominal dimensions and also important 
functional features are not produced (see the CAD model in Figure 6.10 for reference). In 
particular, the necessity to execute machining vectors with micro scale lengths (up to 80 µm), 
while the acceleration length is more than 4 times longer (~ 350 µm at the set scan speed of 2 
m/s) is the reason for inability of the laser machining process to deliver the required level of 
processing resolution and dimensional accuracy. Trial 2 demonstrates that through 
optimisations of beam deflection system and laser delays, the machining error can be reduced 
to obtain a satisfactory dimensional accuracy. For example, Figures 6.14a and 6.14b, which 
depict Feature 1 of the waveguide, show that the deviation of the produced structure is within 
+/- 10 µm from its nominal dimensions. However, the machining quality in Trial 2 is still not 
satisfactory even after the introduction of the delays due to varying pulse distances and hence 
non-uniform ablation rates in the acceleration and deceleration regions of the machining 
vectors. Thus, the depth profile of the produced structures has a convex shape as shown in 
Figures 6.14c and 6.14d. The effects from accumulation of  laser pulses at the beginning and 
end of each machining vector after the applied 15 machining layers and the normal orientation 
of the machining vectors to the waveguide length result in a four times higher depth along the 
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edges of the structure in comparison to that in its centre. Thus, even after optimising the 
delays in Trial 2, it is not possible to address the quality requirements for the manufacturing 
of the waveguide filter.  
 
Figure 6.13 The waveguide structures produced in the four laser machining trials 
 
Figure 6.14 Feature 1 of the produced waveguide channel in Trial 2: (a) 3D view of the 
feature, (b) top view of the Feature with some measurements, (c) and (d) the depth profile of 
the produced waveguide channel 
In Trial 3, the laser machining of the waveguide was carried out after applying the adaptive 
postprocessor. The machining results clearly demonstrate the postprocessor capabilities to 
offset the negative dynamic effects of the beam deflection system and thus to improve both 
dimensional accuracy and quality of the machined structure at high scan speeds. Figures 6.15a 
and 6.15b, which show Feature 1 of the microwave filter, clearly demonstrate that the 
deviation of the waveguide dimensions from their nominal values is within the target 
dimensional tolerance of +/- 10 µm. Furthermore, the machining quality is improved 
dramatically by maintaining the pulse distance constant throughout the full length of the 
machining vectors and thus uniform material ablation is achieved across the waveguide 
channel as shown in Figures 6.15c and 6.15d.  
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Figure 6.15 Feature 1 of the produced waveguide channel in Trial 3: (a) 3D view of the 
feature, (b) top view of the feature with some measurements, (c) and (d) the depth profiles of 
the produced waveguide channel 
The machining accuracy and quality achieved in Trial 4 was almost the same as in Trial 3 but 
the laser machining efficiency in Trial 3 was significantly better in comparison to Trial 4. In 
particular, the machining time for the fabrication of the waveguide in Trial 3 and Trial 4 was 
102 and 391 seconds, respectively (see Table 6-4). Thus, an almost fourfold efficiency 
improvement can be achieved if the adaptive postprocessor is utilised due to the capabilities 
to perform the processing operations with much higher scan speeds. Furthermore, beam 
diameter compensations in Trial 4 were manually introduced to the CAD model in order to 
achieve the required machining accuracy that had time implications in generating the beam-
path.  
Finally, it should be noted that the two different experimental validation tests demonstrate that 
the proposed software tools for offsetting the negative effects of the beam deflection system 
dynamic can be implemented with laser sources that have different control architectures, e.g. 
MOPA, Q-switching and mode-locking. 
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Table 6-4 The results from the machining of the waveguide structures 
Waveguide filter Trial 2 
Filter Feature 1 2 3 4 5 6 Channel 
Width [µm] 100.8 153.1 148.8 148.7 153.3 101.1 463.4 
Height [µm] 175.1 296.5 346.3 346.5 296.8 175.7 NA 
Total machining time [s] 99 
Waveguide filter Trial 3 
Feature [µm] 1 2 3 4 5 6 Channel 
Width [µm] 100.6 153.2 152.1 151.9 152.8 100.4 435.8 
Height [µm] 171.5 293.6 339.6 339.8 293.8 171.5 NA 
Total machining time [s] 102 
Waveguide filter Trial 4 
Feature [µm] 1 2 3 4 5 6 Channel 
Width [µm] 104.1 158.1 157.2 157.6 158.8 104.3 428.4 
Height [µm] 173.5 290.1 343.4 339.9 290.8 173.7 NA 
Total machining time [s] 391 
 
6.2 An automated software routine for multi-axis LMM employing rotary stages 
6.2.1 Introduction 
The implementation of automated multi-axis strategies with rotary stages can broaden 
significantly the manufacturing capabilities of LMM platforms. For example, such automated 
strategies are critical for laser polishing of free-form surfaces in order to keep the beam 
normal to the workpiece and to accurately follow the contours of the processed surfaces, and 
thus to ensure a consistent laser irradiation for uniform polishing results. Furthermore, such 
an automated tool can also offer an effective solution to address an important intrinsic LMM 
limitation, namely the side walls tapering of laser machined structures [220], which can affect 
adversely the parts’ functionality. Other applications of such automated strategies include 
multi-side laser processing of parts (see Figure 5.2c in Chapter 5) and laser processing of 
axis-symmetric parts (see Figure 5.2d in Chapter 5). The requirements that such automated 
multi-axis LMM strategies should fulfil are: 
 to be easily adaptable to the specific requirements of different LMM operations, in 
particular for machining structures with user-defined side walls taper angle, axis-
symmetric parts ( Figure 5.2d) and also parts requiring a multiple-side processing 
(Figure 5.2c);  
 to provide high machining ARR; 
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 to take into account changes of the laser beam position in LMM platform coordinate 
system due to potential laser beam thermal drifts and alignment and calibration issues 
associated with the beam delivery components. 
Machine tools standard PD ISO/TR 16907:2015 provides a general outline of machine tool 
configurations, where machine assembly components are physically linked to the frame of the 
machine tools through mechanical joints and thus all machine components such as tool 
spindle and mechanical axes have absolute topologies, determined by the tolerances of the 
employed mechanical joints, in the machine coordinate system (MCS) [221]. For example, 
the representation of the kinematic chain diagrams of five-axis milling machines demonstrates 
that the absolute topological structure of the systems’ components in MCS allows the 
establishment of a structural loop , which maintains the relative positions between a cutting 
tool and a workpiece throughout the NC machining commands [222].  Thus, to realise any 
machining process it is necessary to establish a single geometrical correlation between the 
MCS and the workpiece coordinate system (WCS) [223]. However, this is not valid in state-
of-art LMM machine tool configurations, because they employ both mechanical and optical 
axes, which are not physically linked and thus possess independent coordinates systems. This 
is demonstrated in a study where simultaneous utilization of optical axes and a linear stage 
was only possible after the development of synchronization algorithm, which relies on real 
time signal transfer between the employed linear stage and the galvanometer scanner [112]. 
Furthermore, LMM systems incorporate complex beam delivery sub-systems whose 
component technologies require frequent alignments and calibrations due to the extreme 
sensitivity of the laser beam pointing stability to environmentally related factors, e.g. 
temperature, humidity and vibrations [224]. Such beam positional instabilities lead to beam 
spot (the laser material interaction area) shifts in the MCS and thus do not allow an absolute 
topology to be established for the laser system component technologies. Therefore, the LMM 
machine tool configurations should be represented by two coordinate systems, in particular 
MCS that describes the working volume of the integrated mechanical axes and a beam 
coordinate system (BCS) that defines the focusing volume covered by the integrated optical 
axes . Thus, it is necessary to correlate BCS geometrically to the MCS in order to achieve the 
desired topological laser irradiation of a workpiece. Figure 6.16 provides a graphical 
representation of the necessary geometrical correlations between WCS, BCS and MCS that 
are necessary for executing different LMM operations. In particular, machining results are 
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determined by the geometrical correlation between WCS and BCS that is achieved by 
referencing both WCS in MCS and BCS in MCS. Since the workpiece is physically attached 
to the mechanical stages of LMM platforms, WCS is dynamically referenced in MCS and 
thus any linear or rotary motions of the mechanical stages would maintain the established 
geometrical correlation of WCS in MCS within the uncertainties associated with the 
component technologies used to realise the relative movements. However, this is not the case 
for the geometrical correlation of BCS in MCS because it is assumed to be static due to the 
absence of a physical link between the laser beam and the mechanical stages. Thus, the 
execution of any rotary motions will lead to translational errors in the geometrical correlation 
of BCS in MCS. These errors after any rotational movements also lead to geometrical 
misalignments of WCS in BCS and thus to formation of machining errors on the processed 
workpieces. Therefore, an effective automated strategy for the utilization of rotary stages in 
LMM platforms ought to include:  
 techniques for correlating BCS to MCS, in particular to link BCS to the stages axes of 
rotations; 
 tools for predicting the translational errors in correlating geometrically BCS to MCS after 
any arbitrary rotary movements; 
 corrective commands in the machining routines to compensate the translational errors of 
BCS in MCS after the execution of rotary movements and thus to ensure high machining 
ARR.  
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Figure 6.16 Geometrical correlations between MCS, BCS and WCS in executing LMM 
operations 
Note to Figure 6.16: The Right-hand rule notations are used. 
6.2.2 Design considerations 
6.2.2.1 Geometrical correlation between BCS and the stages’ axes of rotation  
Figure 6.17a and Figure 6.17b depict a method for establishing the geometrical correlation of 
BCS in relation to the axis of the rotary stages along x and y axes and z axis of a LMM 
platform, respectively. Points A0, A1, A2,….An and ∆d1,…. ∆dn represent the locations of the 
beam spot in the working plane of the rotary stage and the corresponding distances to its axis 
of rotation at arbitrary angles, θ0, θ1, θ2,… θn, respectively. Thus, the geometrical correlation 
of BCS in regards to the axes of the integrated rotary stages can be defined using Equation 
6.5. 
𝐷0 =
∑  
∆𝑑𝑖
sin 𝜃𝑖
𝑛
𝑖=0
𝑛+1
                   (Equation 6.5) 
It should be noted that the uncertainty of the proposed correlation method reduces with the 
increase of the number of rotational angles.  
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Figure 6.17 A method for establishing a geometrical correlation between BCS and the axis of 
a rotary stage about (a) x and y axes and (b) z axis of a LMM platform 
6.2.2.2 Prediction of translational errors  
Figure 6.18 exemplifies the formation of translational errors in correlating geometrically BCS 
to MCS after any arbitrary rotary movement (θ) about x and y axes of a LMM platform. 
Equations 6.6 and 6.7 can be used to calculate translational errors, ∆y(∆x)  and ∆z, 
respectively. 
 ∆𝑦(∆𝑥) =
𝐷𝛾
cos 𝛾
× sin(𝜃 − 𝛾) + 𝑎                 (Equation 6.6) 
∆𝑧 = 𝐷1 − (
𝐷1
cos 𝛾
× cos(𝜃 − 𝛾))                 (Equation 6.7) 
131 
 
 
Figure 6.18 Translation errors in correlating geometrically BCS to MCS after any arbitrary 
rotary movement about the x and y axes of a LMM platform 
Notes to Figure 6.18: (i) points A and A’ represent the initial position (prior to the rotation) 
and the final position (after the rotation) of the beam spot in MCS, respectively; (ii) point O is 
the centre of rotation of the rotary stage; (iii) θ is the arbitrary angle of rotation; (iv) a is the 
offset distance of beam spot in regards to the axis of rotation along y and x; (v) γ is the angle 
between A and O due to a; (vi) Dγ is the distance of point A to the axis of rotation; and (vii) 
∆y (∆x) and ∆z represent the translational errors of the beam spot in MCS due to the rotation 
along the y(x) axis of the LMM platform. 
Figure 6.19 describes the formation of translational errors in correlating geometrically BCS to 
MCS after any arbitrary rotary movement (θ) about the z axis of the LMM platform. 
Equations 6.8 and 6.9 can be used to calculate translational errors ∆x and ∆y, respectively. 
∆x = cos(𝛺) ×
𝑏
tan(𝛺)
− cos(𝜃 + Ω) × 𝐷𝛺                 (Equation 6.8) 
∆y = sin(𝜃 + Ω) × 𝐷𝛺 − 𝑏                  (Equation 6.9) 
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Figure 6.19 Translation errors in correlating geometrically BCS to MCS after any arbitrary 
rotary movement (a) about the x and y axes and (b) about the z axis of the LMM platform 
Notes to Figure 6.19: (i) b is the offset distance of beam spot in regards to the 0⁰ (180⁰) 
vector; (ii) Ω is the angle between 0⁰ (180⁰) vector and vector OA; and ∆x and ∆y represent 
the translational errors of the beam spot in MCS due to the performed rotation along the z axis 
of the LMM platform. 
 
6.2.2.3 Corrective commands  
Figure 6.20 provides a schematics representation of the algorithm used to implement a routine 
for performing laser multi-axis machining with rotary stages. The proposed algorithm is fully 
automated and introduces corrective commands in the machining routines based on given 
rotational angles. Furthermore, the algorithm can account for geometrical errors in correlating 
BCS to MCS caused by alignments and calibrations of optical components in the beam 
delivery system and thus to improve the machining ARR.    
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Figure 6.20 Implementation algorithm for performing laser machining with rotary stages 
6.2.3 Experimental Validation 
Experimental evaluation of the machining ARR of the proposed automated strategy for multi-
axis LMM using rotary stages is performed using the test procedure in Figure 6.21. The 
machining ARR achievable when the A and C axes are employed individually are evaluated 
first with the test procedure in Figure 6.21a. In particular, a pattern consisting of seven 0.5 
mm long crosses that are 0.55 mm apart is machined after pre-defined rotations of both stages. 
The rotational angles used in the tests are 0⁰, +/- 5⁰, +/- 10⁰ and +/- 15⁰ for both A and C 
axes, respectively. The pattern in Figure 6.21a was produced twice per sample and on two 
samples in order to assess the repeatability and the reproducibility of the proposed strategy for 
a single rotary stage. The machining accuracy achievable with either of the two rotary stages 
(A and C) was assessed based on the maximum displacement of the produced crosses at the 
pre-defined rotary angles in regards to the reference crosses produced at the home position of 
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the A or C axes (θ=0⁰), respectively. At the same time, the repeatability and reproducibility 
were evaluated by comparing the displacements of the produced crosses to their average 
values calculated based on the results from one sample and the two samples, respectively.  
The machining ARR when A and C axes are simultaneously utilized, are evaluated by laser 
machining the pattern in Figure 6.21b. It consists of five concentric circles whose radiuses 
increase with an incremental step of 0.1 mm from the innermost circle with a radius 0.25 mm 
to the outermost circle with a radius of 0.65 mm. Each of the circles is produced after pre-
defined simultaneous rotations of both A and C axes. The rotational angles used in the 
experimental tests are +/-10⁰ and +/- 2⁰ for both axes. The pattern from Figure 6.21b was 
produced twice per sample and on two samples in order to assess the repeatability and the 
reproducibility of the proposed strategy for simultaneous utilization of two rotary stages. The 
machining accuracy achievable with the proposed automated strategy is evaluated by 
measuring the concentricity of the circles in regards to the reference circle produced at the 
home position of A and C rotary stages (θ=0⁰). The repeatability and reproducibility were 
assessed by comparing the concentricity of the circles to their average concentricity values 
calculated based on the results from one sample and the two samples, respectively. Thus, the 
repeatability and reproducibility of the proposed automated strategy for multi-axis LMM are 
evaluated based on 40 test structures produced with the proposed strategy (24 are produced 
with a single rotary axis and 16 with the simultaneous utilization of two rotary axes). 
 
Figure 6.21 The test procedure used to evaluate the automated strategy (a) the use of a single 
rotary stage and (b) the simultaneous utilization of A and C rotary stages 
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6.2.4 Results and Discussions 
Figure 6.22a shows the top view of the crosses produced after completing the test procedure 
described in Section 6.2.3 of this chapter. The central cross in Figure 5.22a is produced at θA 
= 0⁰ and it is used as a reference to quantify the displacements (Δd) of other crosses produced 
after executing pre-defined rotations with the A rotary stage. The displacements of the crosses 
were calculated by using the Alicona Contour tool [178] as shown in Figure 6.22b. In 
particular, the crosses’ contours were extracted and then automatic fitting of parallel lines was 
applied on the respective edges as shown in Figure 6.22c. In this way, their displacements are 
quantified to assess the effectiveness of the corrective commands when executing multi-axis 
machining strategies with a single rotary stage. For example, the measurement procedure used 
to assess the accuracy of the applied corrective command after a rotation of -5 degrees with 
the A axis is illustrated in Figure 6.22c. The results from the tests carried out for both A and C 
axes are provided in Table 6-5. The positioning ARR capabilities of the proposed multi-axis 
machining strategies with a single rotary stage are assessed based on the analytical procedure 
provided in Section 6.2.3 of this chapter. It can be seen in Table 6-5 that the maximum 
displacement of the crosses produced with the A axis are 5.4 µm and 5.3 µm and 4.2 µm and 
4.1 µm for Patterns 1 and 2 on the two samples, respectively. At the same time, the maximum 
overall displacements of the crosses produced with the C axis are 5.7 µm and 4 µm and 4.9 
µm and 5.0 µm for Patterns 1 and 2 on the two samples, respectively. Thus, it can be stated 
that the accuracy achievable with the proposed strategy for multi-axis LMM employing either 
A or C axes is better than 5.7 µm. The repeatability of the proposed strategy with the A axis is 
5.3 µm and 3.8 µm for Samples 1 and 2, respectively, based on average displacements in 
Table 6-5. Since, the machining of the crosses with the proposed strategy using the C axis 
required corrective commands with x and y components, the repeatability is assessed taking 
into account the displacements both along x and y axes. Figure 6.23 shows the distribution of 
the crosses’ displacements in regards to the average displacements for the two samples, 
respectively, and thus the repeatability of the proposed strategy using the C axis is 6.4 µm and 
6.2 µm for Samples 1 and 2, respectively. Based on these results, it can be stated that the 
repeatability of multi-axis LMM employing either A or C axes is better than 6.4 µm.  At the 
same time, the reproducibility of the proposed strategy is 5.0 and 5.9 µm using the A and C 
axes, respectively, based on the average displacements of the crosses in Table 6-5 and Figure 
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6.23. The total uncertainty at the 95% confidence level in quantifying the ARR capabilities of 
the proposed strategy for multi-axis LMM with either A or C axes is 0.46 µm.  
 
Figure 6.22 Laser machined crosses with the proposed automated strategy when A axis is 
used only, (a) top view of the crosses for all investigated rotational angles, (b) application of 
Alicona Contour tool on crosses produced at θA = 0⁰ and θA = -5⁰, (c) extracted crosses 
contours and measurement of the positional deviation of the cross at ΘA = -5⁰ in comparison 
to the cross at θA = 0⁰ 
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Figure 6.23 Repeatability and reproducibility of the proposed strategy using the C axis 
Table 6-5 Test results after using the A and C rotary stages separately 
Parameter Sample 1 – Pattern 1  - A axis Sample 1 – Pattern 2  - A axis 
Rotary angle  (⁰) 5 10 15 -5 -10 -15 5 10 15 -5 -10 -15 
Displacement-x axis (µm) - - - - - - - - - - - - 
Displacement-y axis (µm) 5.4 5.1 -2.7 -4.2 -1.9 5.1 5.3 4.1 0.5 -2.6 -4.2 3.7 
Average displacement for Sample 1- A axis (µm) 1.1 
Parameter Sample 2 – Pattern 1  - A axis Sample 2 – Pattern 2  - A axis 
Rotary angle  (⁰) 5 10 15 -5 -10 -15 5 10 15 -5 -10 -15 
Displacement-x axis (µm) - - - - - - - - - - - - 
Displacement-y axis (µm) -2.1 3.7 -2.3 -1.2 4.2 2.1 1.1 4.1 -1.3 -1.6 -2.2 0.7 
Average displacement for Sample 2 – A axis (µm) 0.4 
Average deviation for the two samples – A axis (µm) 0.8 
Parameter Sample 1 – Pattern 1  -  C axis Sample 1 – Pattern 2  - C axis 
Rotary angle  (⁰) 5 10 15 -5 -10 -15 5 10 15 -5 -10 -15 
Displacement-x axis (µm) 1.2 -3.1 -2.0 2.0 -3.5 4.7 0.1 -2.0 1.1 0.9 -2.1 1.3 
Displacement-y axis (µm) -3.1 -2.3 -1.7 -4.2 -1.9 3.2 -1.3 0.1 0.2 -1.6 -2.2 1.7 
Overall absolute 
displacement (µm) 
3.3 3.9 2.6 4.7 4.0 5.7 1.3 2.0 1.1 1.8 3.0 2.1 
Parameter Sample 2 – Pattern 1  - C axis Sample 2 – Pattern 2  - C axis 
Rotary angle  (⁰) 5 10 15 -5 -10 -15 5 10 15 -5 -10 -15 
Displacement-x axis (µm) 2.2 -1.1 -1.8 1.4 -2.3 1.7 1.4 -4.6 2.5 1.7 -2.1 4.2 
Displacement -y axis (µm) -0.3 0.9 1.1 -3.2 -0.3 2.3 0.3 -1.1 1.1 -0.6 -4.1 2.8 
Overall absolute 
displacement (µm) 
2.2 1.4 2.1 3.5 2.3 2.9 1.4 4.7 2.7 1.8 4.6 5.0 
Figures 6.24a and 6.24b show the top and 3D view of the circles produced with the proposed 
automated strategy that required the simultaneous utilization of both A and C axes of the 
LMM platform. The experimental validation of the proposed tool is performed by measuring 
the concentricity of the circles produced following the test procedure in Section 6.2.3 of this 
chapter. In particular, the concentricity of C2, C3, C4 and C5 were measured in respect to C1 
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produced at θA = θC = 0⁰ as shown in Figure 6.24c. Figure 6.25 provides a plot with the 
results and it can be stated that accuracy of the proposed strategy with simultaneous 
utilization of A and C axes is better than 10.6 µm. Furthermore, the repeatability of the 
proposed strategy is better than 10.9 µm and 10.8 µm for Samples 1 and 2, respectively, while 
the reproducibility is better than 12.6 µm.  The total uncertainty for quantifying the ARR 
capabilities of the proposed strategy is 0.53 µm. Based on these results, it can be stated that 
the machining ARR achievable with the proposed multi-axis LMM strategy with the 
simultaneous use of the A and C rotary stages including the total uncertainty are better than 
+/-6.5 µm. 
 
Figure 6.24 The circles machined with the proposed automated strategy with the simultaneous 
utilization of the A and C axes: (a) Top view of the circles; (b) 3D view of the circles 
generated with Alicona Contour tool; and (c) extracted circles’ contours with the procedure 
for measuring their concentricity 
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Figure 6.25 Repeatability and reproducibility of the proposed strategy with simultaneous 
utilization of A and C axes 
6.3 Conclusions 
This chapter presents two generic software tools, which can substantially improve the 
manufacturing capabilities of reconfigurable LMM systems in terms of machining throughput 
and complexity of the laser manufacturing operations. In particular, the proposed two generic 
software solutions are: (i) a software tool to counteract the negative dynamic effects of optical 
scanning head systems and thus to improve significantly the laser machining accuracy, quality 
and efficiency of LMM platforms and (ii) an automated strategy for multi-axis LMM with 
rotary stages for performing demanding complex machining routines. The achieved 
manufacturing improvements with the proposed software tools are achieved by implementing 
‘’adaptive’’ postprocessors as stand-alone software solutions. In this way, the generation of 
machine executable part programs is fully automated and users can benefit from these 
software tools regardless of their knowledge and experience with any given LMM systems. 
The following conclusions could be drawn from this research: 
 The dynamic effects of beam deflection systems integrated into LMM systems lead to 
significant machining errors and have a detrimental effect on the quality of produced 
structures and this negative impact increases with the increase of the scan speed.  
 Such dynamic effects can be minimised by introducing machine specific compensations in 
machining vectors to counteract their acceleration and deceleration regions regardless of 
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their directions, length and set scan speed. Thus, laser machining with micro scale 
machining vectors can be performed while maintaining a higher ARR. 
 The proposed software tool, which counteracts the negative dynamic effects of optical 
beam deflection systems, leads to substantial improvements of machining quality because 
uniform ablation rates can be maintained throughout the full length of machining vectors. 
In addition, the use of the proposed software tool increases the laser machining efficiency 
substantially by allowing much higher scan speeds to be applied without any detrimental 
effects on ARR and machining quality.  
 The developed automated strategy for multi-axis LMM employing rotary stages allows 
machining operations to be carried out with ARR better than +/- 6.5 µm, respectively. 
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CHAPTER 7 
NOVEL LASER-BASED MULTI-PROCESS 
MANUFACTURING SOLUTION FOR THE SCALE UP 
PRODUCTION OF TERAHERTZ TECHNOLOGY 
DEVICES 
 
Outline of the chapter 
The research work in this chapter aims at demonstrating the laser micro-processing as a 
modular manufacturing technology that can be seamlessly integrated in multi-process 
manufacturing solutions, i.e. process chains, for extending the capabilities of well proven 
conventional manufacturing routes, i.e. mechanical machining, and thus to provide the 
required manufacturing capabilities for the cost effective fabrication of complex products with 
multi-length scale (micro-and meso-scale) functional features. In particular, this chapter 
investigates a laser-enabled manufacturing route that combines LMM with mechanical 
machining for the scale up production of complex miniaturised products. Terahertz (THz) 
technology devices were selected as a representative example of such miniaturized products 
in this research because they are difficult to manufacture due to the following two reasons: (i) 
the highly complex 3D geometrical designs of the THz devices with meso- and micro- scale 
functional structures, which necessitate requirements for extreme manufacturing 
reconfigurability and flexibility; (ii) the challenging technological requirements, driven by the 
high functional performance sensitivity of the THz devices on their dimensional accuracy and 
surface integrity, which necessitate very high process reliability and robust machine tool 
performance for obtaining the required level of manufacturing ARR. To fulfil these 
requirements, the generic system-level tools and techniques presented in Chapters 4 and 5 are 
deployed into a LMM system to machine the waveguide structures of THz devices with 
required ARR and also to integrate it with a precision milling system for cost effective 
manufacturing of components with multi-scale functional features.  The proposed laser-
enabled manufacturing route for producing miniaturised products is validated on three 
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industrially representative THz devices and thus to demonstrate the LMM capabilities 
achieved with the system-level tools developed in this research. 
The research reported in this Chapter refers to Publication 2 from the List of Publications.
 
7.1 Introduction 
7.1.1 Terahertz technology 
Terahertz (THz) technology encompasses devices that harness the Terahertz electromagnetic 
radiation (from 100 GHz to 10 THz) that lies in the boundary region between light and radio 
waves [225]. Thus, THz technology fills the ‘’transition region’’ between Electronics and 
Photonics [226]. The THz range of the electromagnetic spectrum was called until recently the 
THz ‘’gap’’, because it has not been practically used with the exception of a number of 
limited applications in high-resolution spectroscopy and remote sensing areas [227]. 
However, new advances in different technologies, such as the advent of time-domain 
spectroscopy (TDS) with ultrashort-pulse laser sources, have made in the recent years the 
previously unused terahertz frequency extremely attractive to researchers due to its ability to 
achieve innovative sensing systems [228]. Some of the very appealing characteristics of 
Terahertz waves include: they can handle  ultra-broad band signals, have very large 
absorption due to water or water vapor, and are transparent through many materials (e.g., 
plastic, paper, cloth, and oil) that are opaque in visible and IR light [225, 229]. Thus, the list 
of possible applications of THz technology is extremely extensive and innovative. 
Application examples of THz technology are shown in Figure 7.1 and are reported in the field 
of biomedical engineering, safety monitoring, product quality control, non-destructive testing 
in materials science and engineering, astrophysics, atmospheric research, short distance 
communications and networking, spectroscopy and imaging technology, remote sensing 
safety applications  and military sector [229-238].  
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Figure 7.1 Applications of Terahertz Technology: (a) Terahertz technology on the 
electromagnetic spectrum (Figure adapted from [238]), (b) Biomedical (Figure adapted from 
[233]), (c) Remote sensing application (Figure adapted from [234]), military application 
(Figure adapted from [234]), (e) security application (figure adapted from [236]) and (f) 
security application (figure adapted from [237]) 
7.1.2 Current manufacturing technologies for producing Terahertz technology devices  
The drive for THz, also called sub-millimetre, waveguide instruments at the high end of the 
electromagnetic spectrum (90-500 GHz) has experienced considerable growth in the past few 
years because these devices enable the development of highly innovative sensing systems for 
diverse application areas, which were discussed in Section 7.1.1 of this chapter. Figure 7.2a 
shows an example of a family of Terahertz technology devices that operate at the high end of 
the electromagnetic spectrum [239]. A critical component of a Terahertz technology device is 
the waveguide , exemplified in Figure 6.2b, which is usually a hollow air-filled structure used 
to confine and propagate electromagnetic waves, and is widely used at THz frequencies [240]. 
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This is mainly due to its low microwave loss characteristic, i.e. a high transmission rate at the 
THz frequencies.  
 
Figure 7.2 (a) A family of Terahertz technology devices that operate at the high end of the 
electromagnetic spectrum (frequency range: 90-500 GHz); (b) An Example of a waveguide 
hollow structure (Figures adapted from [239]) 
Due to the 2.5D design and micro-scales required at these frequencies, waveguide fabrication 
methods have mainly been based on photoresist micro-manufacturing techniques.  Among 
them three techniques were identified as the most suitable, in particular Silicon Deep Reactive 
Ion Etching (DRIE) [241-243], LIGA-based thick layer electroplating [244, 245] and SU8 or 
KMPR photoresist based fabrication [246- 248], due to their capabilities to produce high 
aspect ratio structures both across meso- and micro- length scales [219]. However, such 
fabrication routes are extremely complex and their manufacturing capabilities are 
characterized with a high level of fabrication uncertainty, because they require multi-step 
processing and clean room technologies. In addition, these manufacturing technologies have 
intrinsic limitations regarding the materials that can be processed and thus used in designing 
THz devices; also, they introduce constraints regarding the devices’ design, especially the 
necessity to split the designs into structured Si or SU8 layers that have to be metalized before 
integrating them with high precision into the 2.5D devices’ geometry [249]. These limitations 
make the photoresist-based fabrication approaches capital intensive and thus potentially 
viable only for relatively high batch sizes while the unit costs are still relatively high due to 
the use of clean room manufacturing technologies and the required high precision alignment 
and packaging operations. 
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To address the limitations of photoresist-based manufacturing technologies, researchers have 
also explored alternative fabrication solutions such as direct machining of waveguide 
components on metallic substrates employing high precision CNC micro-milling [250]. 
Waveguide components fabricated by CNC milling with good functional performance have 
been demonstrated, such as the work reported at W-band (75-110 GHz frequency range) (e.g. 
[251, 252]), WR-4 band (170-260GHz) [253] and WR-3 band (220-325GHz) [254]. However, 
such a manufacturing solution can be only implemented in economically viable manner for 
structures with features sizes bigger than 200 µm [250] due to the CNC machining process 
repeatability and reliabilities issues in regards to available cutter sizes, the wear or breakage 
of cutters, generation of defects and cracks due to mechanical stresses, and achievable aspect 
ratios [255, 256].  Another very important limitation of CNC micro-milling for the production 
of THz devices is the existence of waveguide cavities corner radius due to the size and shape 
of the cutting tools, which affects the geometrical accuracy of the produced waveguides and 
impairs their functionalities.  At the same time, as the frequencies continue to increase (above 
325 GHz) waveguide inner dimensions are getting even smaller, e.g. functional features in the 
order of 50 µm and less are required, which are clearly outside the capabilities of the CNC 
micro-milling process. Thus, in order to overcome aforementioned limitations of CNC 
micromachining, waveguides which operate at high frequencies, i.e. WR-2 (325-500 GHz), 
WR-1.5  (500-750 GHz) and WR-1 (750-1100 GHz), are also manufactured in a two-stage 
process chain, which combines electroforming and CNC milling [257]. However, an 
important limitation of such a process chain, which significantly increases the cost of 
fabrication and machining time, is the requirement for a sacrificial mandrel in the 
electroforming process that can be used only once [258]. 
7.1.3 LMM enabled fabrication of Terahertz technology devices  
LMM is becoming a very attractive manufacturing technology for the fabrication of a wide 
range of micro-components and has some very appealing advantages over other micro 
machining processes (MMPs) as it was discussed in Chapter 2. Especially, LMM offers 
manufacturing capabilities that make it a very attractive solution for the fabrication of THz 
technology devices and thus to become an alternative route for their small to medium batch 
production. This can lead to significant reductions in production times and cost while it can 
also increase the accuracy of the THz devices due to the LMM capabilities to produce 
complex 3D structures without assembly operations in a single machining step. However, the 
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current application of LMM for the production of Terahertz devices has been only limited for 
the fabrication of various optical or quasi-optical components such as metal mesh filters 
[259]. In particular, literature review shows that the laser technology has not been utilized yet 
for the fabrication of submillimeter-wave waveguide components with the exception of one 
research that reports on the laser production of a 2 THz horn antenna cut from silicon [260]. 
The limited utilization of LMM for the manufacturing of THz devices can be explained 
mainly with their demanding ARR requirements that are difficult to achieve due to the 
process reliability and machine tool control issues in state-of-art LMM implementations 
(discussed in Chapter 2). 
Compared with SU8 or silicon based processes used for the fabrication of waveguides, LMM 
has the following manufacturing advantages:  
 It allows all functional features of the waveguide devices to be directly fabricated on 
metal (copper) substrates and thus to accommodate challenging application scenarios 
where a higher thermal stability of the devices is required;  
 It is capable of producing 3D waveguide structures with varying depths (or heights) from 
one workpiece and thus eliminates the need for splitting the device into several layers and 
then assembling them with a high accuracy. This could yield an improved insertion loss 
and ultimately a better microwave performance. 
 It is a ‘’direct write’’ approach and thus has the capabilities to produce cost effectively 
small to medium batches of devices while it also offers a higher flexibility to introduce 
modification in the waveguide designs.  
In addition, in comparison to CNC milling, LMM can achieve smaller feature sizes with 
similar and even greater dimensional and geometrical accuracy if system-level integration 
tools and techniques are incorporated in the laser systems to enhance their machine tool 
performance, as demonstrated in Chapters 5 and 6. Also, there is no tool-wear or machine 
vibration due to cutting forces, as LMM is a non-contact process.  
7.2 Terahertz demonstrators design and manufacturing requirements 
7.2.1 Design of the Terahertz devices 
The LMM enabled process chain is validated on three industrially representative THz devices, 
which operate at different frequency bands at the high end of the electromagnetic spectrum, 
encompassing the frequency range from 75-325 GHz. In particular the three demonstrators 
are:  
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 Demonstrator 1 - Straight through waveguide section, shown in Figure 7.3; 
 Demonstrator 2 – 4th order WR3-band waveguide (220-325 GHz), shown in Figure 
7.4; 
 Demonstrator 3 – 4th order W-band waveguide (75-110 GHz), shown in Figure 7.5. 
Appendix 1 also provides detailed engineering drawings of the demonstrators. The three 
demonstrators were selected, because they fulfil the requirements of a microwave system for 
industrial applications where they are used to remove any interference by transmitting only 
certain band of frequencies and rejecting others. Some applications of such waveguide filters 
are THz transmitters and receivers in communications systems, measurement instruments and 
other applications which demand frequency selectivity. It can be seen from Figures 7.3, 7.4 
and 7.5 that the three components consists of both functional structures that perform 
microwave filtering and alignment and fixing holes that are used for the precise mounting of 
the waveguide in a microwave system. The CAD model of the WR-3 waveguide through 
section is shown in Figure 7.3a. Its functional structure represents a rectangular 864 x 432 µm 
through hole that is located in the centre of a workpiece with a thickness of 800 µm. The 
positions of alignment and fixing holes together with their nominal dimensions are provided 
in Figure 7.3a, while the relative positions of the holes in respect to the centre of the 
component are also depicted in Figure 7.3b. It should be noted that since all three components 
were integrated to a standard self-aligning UG-387 flange (including pins and screws) for 
quick and reliable connections [261], their assembly holes are identical. The CAD model of 
the 4th order WR-3 band waveguide filter is shown in Figure 7.4 together with a close view of 
its functional feature on one side of the filter. In particular, the full waveguide device consists 
of two 432 µm deep functional features on the two opposite sides of the sample that are 
mirrored about the centre of the sample with an offset of 320 µm and 180 µm in x and y 
directions, respectively. These two functional features are connected via 50 µm deep rectangle 
hole as shown in Figure 7.4. The CAD model of the 4th order W waveguide filter is shown in 
Figure 7.5a. Figure 7.5b also depicts the air volume, which is confined by the complex 
geometrical design of the functional structure of the waveguide. In particular, the waveguide 
functional structure consist of two 1.27 mm deep symmetrical features on the two opposite 
sides of the workpiece, connected via 0.1 mm deep rectangular hole. The lateral nominal 
dimensions of the functional feature are provided in Figure 7.5c, which also shows the 
relative alignment between the two features on the workpiece. 
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Figure 7.3 (a) The CAD model of the straight through waveguide section and (b) the relative 
positions of holes in respect to the centre of the sample 
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Figure 7.4 The CAD model of the 4th order WR3 waveguide filter that operates at the 220-
350 GHz range of the electromagnetic spectrum 
 
Figure 7.5 (a) The CAD model of the 4th order W-band waveguide filter that operates at the 
75-110 GHz range of the electromagnetic spectrum; (b) Air volume of defined by the 
functional feature of the waveguide functional feature; (c) lateral nominal dimensions of the 
functional feature on one side of the component (solid black line) and relative position of the 
functional feature on the opposite side of the component (dotted black line) 
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7.2.2 Critical technical requirements of the THz devices 
A clear understanding of THz devices’ requirements is critical in designing and implementing 
a LMM enabled process chain for their scale-up manufacture. Therefore, it is necessary to 
study the effects of some key technical requirements, in particular the dimensional and 
geometrical accuracy and surface quality, on THz devices’ performance, and thus to define 
them objectively, and also to design viable manufacturing solutions.  
The effects of dimensional and alignment accuracy on THz devices’ functional performance 
were modelled in an EM simulator [262]. The results showed that the tolerances should be 
within 10 µm of the calculated nominal dimensions. In addition, their performance depends 
greatly upon the joining quality between the THz device and the measurement setup. In 
particular, the flatness of copper workpieces used to produce the THz waveguides affects the 
interface quality and can lead to air gaps, and ultimately yields energy leakages. The carried 
our EM simulations showed that the flatness deviations of copper workpieces should not 
exceed 1 µm.  All the EM simulations were carried out using CST Microwave Studio [262]. 
Also, the waveguides in this research were designed with vertical side walls and without any 
side wall taper angles. The carried out preliminary tests showed that the tolerance on the 90 
degrees’ side walls should not exceed 1 degree in order to avoid filtering performance 
deterioration, which is exemplified by significant operating frequency shift.  Surface 
roughness is an important factor affecting the signal loss of THz waveguide components. The 
loss is due to scattering of electrons, and can be quantified analytically [246]. For the filter 
presented in this work, a surface roughness better than 1.5 µm is sufficient to fulfil the signal 
loss requirement of the final devices. Preliminary experimental tests, which were also carried 
out in order to empirically relate the machining results of produced waveguides with their 
microwave functionalities allowed the explicit determination of the manufacturing 
requirements for the successful fabrication of the waveguides and those requirements can be 
summarized as follows:  
 Lateral (x-y plane) geometrical accuracy better than 10 µm; 
 Vertical (z axis) accuracy better than 2 µm; 
 Side wall taper angle deviation from vertical (90⁰) less than 1⁰ deviation; 
 Waveguide cavities corner radius less than 15 µm; 
 Surface roughness Sa better than 1.5 µm; 
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 Flatness better than 5 µm on an area of 5 mm x 5 mm surrounding the waveguide 
functional structures; 
 Alignment accuracy between functional structures better than 10 µm. 
Furthermore, based on the results from the preliminary experimental trials, in particular the 
characterization of resulting functionalities with specific waveguide dimensional and 
geometrical attributes, the physical trade-offs for the fabrication of this class of waveguide 
filters could be summarized as follows: geometrical deviations of the produced waveguides 
from their nominal designs are responsible for the overall shape, centre frequency and 
bandwidth of the transmitted terahertz signal curve, while surface roughness is responsible for 
the filter loss, i.e. the reduction of the terahertz signal at the output of the filter. 
It should be noted that these requirements can be considered typical in designing THz 
waveguides and thus represent important design for manufacture considerations. At the same 
time, the actual requirements vary between THz designs and are determined based on their 
intrinsic performance specifications. Nevertheless, as the frequency of the waveguides 
increases, their performance sensitivity to dimensional and geometrical errors also increases 
and thus the manufacturing requirements are becoming even more demanding.  
7.3 Process chain design and implementation 
7.3.1 Critical limitations of LMM for the fabrication of THz devices  
Since LMM is employed to machine the functional structures of the THz waveguide devices 
in the proposed process chain, it is important to consider any critical LMM limitations that 
can significantly impair the microwave functional performance of the THz demonstrators. In 
particular, taking into account such limitations, tools should be developed and implemented to 
minimize or in some cases even to eliminate their negative effects on the performance of the 
produced devices. Considering the key technical requirements discussed in Section 7.2.2, it is 
very important to address two main LMM inherent process-related limitations, the tapering of 
the THz waveguides’ side walls and also machining ARR achievable with the LMM process. 
They are briefly discussed below in the following two sub-sections. 
7.3.1.1 Side walls’ tapering 
The side walls’ tapering in laser machined structures was observed by a number of researches 
when developing LMM solutions for different applications, e.g. the generation of 
preferentially oriented diamond micro-arrays for superabrasive grinding wheels [263], 
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manufacture of ceramic components for micro-surgical tools [101] and micro tool-making 
[264]. Important factors that contribute to the formation of side walls tapering include the 
used laser fluence (laser energy intensity), machining strategy, beam delivery optics, laser 
beam spatial geometrical characteristics and laser beam polarization [101, 265, 266]. 
Significant reductions of side wall’s tapering had already been reported and it was achieved 
through the utilization of specialized machining routines and laser cutting heads for 
performing trepanning and helical drilling [265]. In particular, the use of micro-cutting head 
with a co-axial assist gas helps the debris removal from the laser-material interaction zone and 
thus to achieve structures with up to 20:1 aspect ratios [266]. However, an important 
disadvantage of those specialized machining routines is that they do not allow high dynamic 
beam deflectors to be utilised due to the restrictive size of the head nozzle tip, and therefore 
all relative beam-workpiece movements have to be performed with mechanical stages, which 
greatly reduces the machining throughput. In other recent studies, the use of optical helical 
drilling allowed holes with aspect ratio of more than 8:1 in different materials to be produced 
[267, 268]. Unfortunately, this technology can be applied only for reducing the taper angles in 
laser drilling and cutting operations and not in LMM of components with complex geometries 
such as THz waveguide structures. Therefore, it is necessary to develop and implement 
appropriate LMM routines for manufacturing micro structures with controlled side wall taper 
angles. 
7.3.1.2 LMM accuracy, repeatability and reproducibility 
Chapter 3 presented a comprehensive comparative study to quantify the machining ARR of 
state-of-art laser systems and the results from the study quantitatively identified substantial 
discrepancies in the manufacturing performances of the investigated systems in terms of their 
ARR capabilities. Thus, LMM platforms cannot be considered as robust machine tools in 
regards to their manufacturing predictability and reliability. Taking into account the technical 
requirements for the manufacture of THz devices that were introduced in Section 7.2.2 of this 
chapter, it is necessary to improve the LMM process reliability in order to allow the 
machining of waveguides with ARR better than 10 µm.  
7.3.2 Process integration issues 
The carried on literature review in Chapter 2 revealed that in the context of process chains 
that integrate LMM systems, critical interface requirements are the needs for accurate and 
precise repositioning and referencing of the workpiece in the different machine set-ups of the 
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process chain as this has a direct impact on the overall products’ ARR. Thus, process 
integration issues should also be addressed in the implementation of the proposed process 
chain, because they contribute to the final ARR of the produced THz devices. In particular, 
the overall alignment of the functional structures of the waveguide in regards to the assembly 
holes is determined by the accuracy of the waveguide registering routines in the LMM system 
prior to the laser manufacturing operations.  Thus, the design and implementation of the 
process chain should incorporate adequate tools and techniques for precise repositioning and 
alignment of workpieces in the different processing steps of the proposed chain in order to 
ensure that the alignment accuracy between the functional structures of the filters is better 
than 10 µm. 
7.3.3 Manufacturing platform design 
Taking into account the technical requirements outlined in Section 7.2.2 and the issues related 
both to LMM (Section 7.3.1) and the integration of machining technologies into multi-process 
manufacturing platforms (Section 7.3.2), the following generic considerations were identified 
as critical when designing and implementing laser-based manufacturing solutions for the 
fabrication of THz devices: 
 High ARR achievable in registering workpieces in different machining setups; 
 A modular workpiece holding device with capabilities to support different machining 
configurations for the fabrication of devices with different designs, e.g. structuring on one, 
two and three sides of the workpiece; 
 Minimising/eliminating the influence of workpiece’s imperfections, e.g. edge definition 
and surface integrity, when implementing alignment routines for the constituent 
machining setups; 
 Minimising the influence of the human factor and the need to use experienced operators in 
conducting the repositioning and alignment routines; 
 Capabilities to perform non-contact registering of workpieces and also without the need 
for pre-existing reference marks in the different machining setups;  
 Capabilities to realize complex two-side LMM without the need for manual repositioning 
the workpieces; 
 Capabilities to control the side walls’ tapering of laser machined structures. 
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The generic tools and techniques, described in Chapters 5 and 6, were employed to address 
these critical manufacturing requirements and thus to achieve the required level of machining 
ARR in producing THz devices.  
The proposed multi-process manufacturing route for the scale up production of THz devices is 
presented in Figure 7.6a, while Figure 7.6b also provides a detailed graphical description of 
all processing step. In Step 1, the fabrication process starts with the mounting of a copper bar 
into a CNC turning system where the machining of meso-scale features of the THz device, 
e.g. alignment and fixing holes, are carried out together with the parting-off of the workpiece 
to the desired thickness. In Step 2, the cut-off workpiece is fixed onto the interface plate of a 
pallet (modular workpiece holding system described in Chapter 5) that is then placed under a 
FV probe to register the CNC machined alignment holes produced in Step 3. This is done by 
utilizing the automated workpiece setting up routine (described in Chapter 5) and thus to 
establish a physical link between the FV and LMM systems with the use of the modular 
workpiece holding device. In this way, their coordinate systems, FCS and MCS,  are 
correlated with a repeatability better then +/- 1 µm (refer to results from Chapter 4) into the 
single coordinate system of the holding device (HCS) as shown in Figure 7.6b. Through the 
use of the FV probe the geometrical correlation of the workpiece coordinate system (WCS) to 
HCS is established automatically and thus a link of WCS to MCS. In Steps 4 and 5 of the 
proposed manufacturing route, the THz waveguide structures on the two opposite sides of the 
workpiece are produced by the LMM in one machining setup. In particular, once the structure 
is produced on one side of the workpiece (Step 4), the rotary stage is used to rotate the sample 
with 180⁰ and machine the second functional structure on the opposite side of the workpiece 
(Step 5). These two LMM operations are carried out in a one-setup machining operation by 
utilizing the automated strategy for multi-axis LMM (described in Chapter 6) and thus to 
achieve a machining ARR better than +/- 6.5 µm [28].  Then, the functional features of the 
THz devices are inspected with the FV probe and compared with the CAD model (Step 6). If 
there are any deviations further machining is carried out by executing a “rest volume” 
operation based on the difference between the actual and the CAD data and thus to achieve 
the required geometrical accuracy of the produced functional features, i.e. to produce side 
walls with tapering angle less than +/- 1⁰. Such further laser processing operations for 
minimising any deviations from the CAD model require additional rotations of the workpiece 
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employing rotary stages that again are performed with the automated strategy for multi-axis 
LMM (presented in Chapter 6).  
It should be noted here that since LMM is a subtractive process, any improvements of the 
geometrical ARR are possible only if the dimensions of the components are smaller than their 
nominal values after the first LMM operation. Therefore, an optimization of laser parameters 
to provide repeatable laser machining results was critical and thus to reduce the number of 
sub-standard parts. Such detailed analyses of LMM manufacturing results in terms of ARR 
have already been performed in Chapters 4, 5 and 6. Therefore, taking into account these 
results, all dimensions were modified (reduced with a scaling factor that takes into account the 
achievable LMM ARR) to produce the structures always as desired as or smaller than 
designed and thus to reduce the number of rejects. Finally, quality assurance techniques that 
were employed at the end of the manufacturing process included detailed inspection of the 
produced devices to evaluate the conformity with their technical specifications and 
geometrical tolerances. Then, the THz devices are dismounted from the interface plate of the 
modular workpiece holding device for functional performance evaluation tests.  
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Figure 7.6 (a) Overview of the proposed process chain and (b) Detailed graphical description 
of the steps in the proposed multi-process manufacturing route for producing THz devices 
7.4 Experimental validation  
7.4.1 Material 
The material used in the experiment validation tests is a special grade of copper bars 
(Cu99.55S0.45) with a diameter of 50 mm that are commonly used for producing EDM 
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electrodes. This material was selected due to its improved machinability and thus to achieve 
the required surface finish during the milling, drilling or turning operations in the first step of 
the proposed multi-process manufacturing route. Furthermore, the material was also selected 
due to its excellent electrical conductivity of 58.5 X 10.E6 Siemens/m, which is of critical 
importance for the functional integrity of the THz technological devices. 
7.4.2 Equipment 
The CNC precision turning machine that was used in this research was Mazak Quick Turn 
Smart 200M with a driven tool turret. The maximum rotational speed of the main spindle is 
5000 RPM, while the maximum rotational speed of the driven head is 6000 RPM.  
The LMM system used in the pilot implementation of the proposed manufacturing platform is 
described in details in Chapter 3. Experimental tests were conducted employing the Yb-doped 
sub-pico 5 W laser sources from Amplitude Systemes.  
The FV Alicona G5 system, described in Chapter 3, was employed for performing the 
inspection of the produced components. 
The functional performance of produced WR-3 band THz (220-325 GHz frequency range) 
devices was evaluated by carrying out measurements on Agilent E8361A Network Analyzer 
with a pair of OML WR-3 extensions (T/R module at test port 1 and a receive-only T module 
at test port 2), as shown in Figure 7.7. An enhanced calibration, which is effectively a one-
port calibration combined with a through calibration, was performed before taking any 
measurements on the filter performance.  During the calibration, the WR-3 waveguide 
calibration kit (produced by OML Inc) was utilised to accurately calibrate the Network 
Analyzer to achieve precise S-parameters of the filter. For the measurements, the THz filter is 
sandwiched between flanges of two test ports. Two alignment pins are carefully pushed 
through the waveguide filter and the flanges alignment holes to reduce any misalignment 
between them. Screws attached to the flanges also go through the waveguide device and into 
the thread holes of the opposite flange to secure the required good connections. 
The functional performance of produced W-band THz devices was again evaluated by 
carrying out measurements on Agilent E8361A Network Analyzer, but the Port 1 and Port 2 
were changed to deliver THz signal with a frequency range of 75-100 GHz due to the 
different operating frequency of the W-band waveguide filters. Figure 7.8 depicts a 
representative measurement of a W-band filter. 
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Figure 7.7 The setup used to analyse the performance of WR-3 band THz devices 
 
Figure 7.8 The setup used to analyse the performance of W-band THz devices 
7.4.3 Planning of validation manufacturing trials  
7.4.3.1 WR3-band Straight through waveguide section 
The CAD model of WR-3 waveguide straight through section was already introduced in 
Figure 7.3.  The alignment holes were initially machined with self-centred carbide drills and 
then reamed to produce them with required quality on the CNC turning machine. Then, two 
laser machining strategies were employed to produce the functional features of the waveguide 
section. In particular, the through rectangular hole was machined from one side and also from 
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two opposite sides of the workpiece by employing the rotary stage and thus to compare the 
capabilities of the two machining approaches. The positional accuracy of the rectangular hole 
on the two sides of the workpiece was assessed by measuring its deviation in regards to the 
workpiece’s centre while its reproducibility by conducting these measurements on two 
samples. The centre of the workpiece is calculated by using as references the centres of 
alignment and fixing holes. The dimensional accuracy of the produced waveguide section was 
evaluated by analysing the deviations of the actual dimensions from their nominal values. The 
side walls’ tapering of the machined structures was also analysed to determine the level of 
taper angle formation control that could be achieved when multi-axis LMM with rotary stages 
was employed.  Finally, the functional performance of the waveguide calibration artefact was 
also assessed. 
7.4.3.2 W-band and WR3-band waveguides 
The CAD models of WR3-band and W-band filters have been provided in Figure 7.4 and 7.5, 
respectively. Functional tests of the produced waveguide filters were conducted to assess their 
microwave functional performance.  The dimensional and geometrical accuracy of the filters 
were also analysed and thus to judge better to what extend their technical requirements were 
met. The time required for carrying out each machining/inspection step of the proposed 
manufacturing process chain was recorded in order to assess its throughput capabilities for 
serial production of THz devices. Finally, 20 waveguide filters both for the WR3 and the W 
frequency bands were produced and the machining results in regards to the manufacturing 
requirements (see Section 7.2.2) were analysed in order to assess the part-to-part variations 
and thus to  judge about the reproducibility of the proposed process chain. 
7.4.3.3 LMM process settings optimization 
The selection of laser machining process parameters was critical for addressing the 
waveguides manufacturing requirements, which have been defined in Section 7.2.2. Prior to 
the experimental optimisation of machining parameters, in-depth literature review of reported 
work on laser processing  of  copper with ultrafast laser sources was carried out. As a result of 
this review, the laser parameters with a significant influence on manufacturing results were 
identified, especially on machining efficiency (ablation rates), surface quality and geometrical 
accuracy (side wall taper angle formation) [269-273]. Even though the processing with sub-
picosecond lasers is characterized with almost negligible heat- and shock-affected zones [274] 
due to its photochemical processing nature (discussed in details in Chapter 2), laser 
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processing with high pulse repetition rates, i.e. several hundreds of kilohertz, can lead to heat 
accumulation and surface temperature rise in the workpiece. This is due to the insufficient 
time between the impinging pulses to evacuate the heat from the laser-material interaction 
zone [270]. Such incubation effects can result in a reduction of material ablation threshold and 
thus to increase material removal rates, but in expense of machining quality, an increased 
heat-affected area and higher surface roughness [269-274]. Even though particles and /or 
plasma shielding effects can occur at high laser pulse frequencies, their adverse effects on 
material removal rates are overbalanced by the heat incubation effects [275]. Also, it is 
reported by other researchers that heat accumulation and particle shielding effects have only a 
marginal impact in laser processing of copper, due to its high thermal conductivity and 
thermal diffusivity, and therefore the frequency increase has a negligible impact on the copper 
removal rates [276].  Thus, it can be expected that the highest machining efficiency could be 
obtained by utilizing the maximum pulse energy and pulse repetition rate of the employed 
laser source.  
Taking into account the considerations above, the laser parameter settings were optimised in 
order to identify a favourable processing window to fulfil the THz waveguides manufacturing 
requirements, defined in Section 7.2.2. The following laser parameters were optimised in the 
experimental trials: laser pulse energy, machining strategy (pulse distance, hatch distance, 
hatch angle between laser machining layers), laser beam polarization and beam spot diameter. 
In order to evaluate the effects of the laser parameters on a resulting material response, i.e. 
material removal rates (MRR), surface roughness and taper angle formation, a full factorial 
Design of Experiments (DoE) was performed. Initial screening tests were firstly performed in 
order to identify the ranges for laser parameter settings in the DoE optimization trials. Table 
7-1 lists the number of levels and their corresponding settings for each of the investigated 
laser parameters in the DOE optimization tests.  
Table 7-1 Number of laser parameters levels and their corresponding value settings in the full-
factorial DoE for the final laser parameters optimization tests 
Laser parameter Units 
Number of 
Levels 
Level value settings 
Laser Pulse Energy µJ 3 7.5 5.4 3.2 
Beam spot diameter µm 2 30 60 
Polarization state - 3 p-type s-type Circular 
Hatching strategy - 2 One-directional Random 
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Figure 7.10 depicts the significant dependences that were observed between machining results 
and laser parameter settings in regards to material removal rates and surface integrity. It can 
be seen in Figure 7.10 that by increasing the beam spot diameter from 30 µm to 60 µm, it was 
possible to improve the resulting surface roughness from Sa= 0.96 to Sa=0.54 µm without 
sacrificing the material removal rates (MRR) obtained at the maximum pulse energy. 
 
Figure 7.9 Dependences of material removal rates and surface integrity on laser pulse energy 
and laser beam spot diameter 
There are some other important observations about the dependences of machining results on 
laser parameter settings and they are as follows: 
 Laser beam polarisation affects the resulting side wall taper angle formation. Uniform 
taper angle of 9.5⁰ was obtained on all side walls of the laser machined structure with 
circular laser beam polarization, while the results from the experimental trials with p-type 
and s-type linear polarizations led to non-symmetrical taper angles, i.e. the angle at the 
side walls perpendicular to the laser machining vectors was different from the one 
obtained at the side walls parallel to the vectors. Similar observations are also reported in 
[101]. 
 Side wall taper angle decreases with the increase of laser pulse energy. 
 Surface roughness could be improved by employing random hatch angle when machining 
the sequence of layers instead of employing one-directional hatch angle machining 
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strategy. This is due to uniform irradiation of the laser machined areas that can be 
achieved with the random hatch angle machining strategy as reported in [16], too. 
The optimised laser parameter settings used to produce the THz devices in this research are 
provided in Table 7-2.  The achieved material removal rate, surface roughness (Sa) and side 
wall taper angle are 0.31 mm3/min, Sa=0. 75 µm and 9.5⁰, respectively.    
Table 7-2 Optimized laser parameters for the machining of THz devices 
Laser parameter Units Value 
Power W 4.2 
Frequency kHz 500 
Scanning Speed m/s 2 
Pulse duration fs 310 
Beam diameter µm 60 
Hatch style - Random 
Hatch Pitch µm 4 
Polarization state - Circular 
 
7.5 Results and Discussions 
7.5.1 WR3-band Straight through waveguide section 
Figure 7.10 shows a representative overview of the samples after drilling of alignment and 
fixing holes and prior to the laser machining of the functional features of the waveguides. 
Figure 7.10a provides the dimensions of both fixing and alignment holes. Furthermore, 3D 
representations of one alignment hole and its measurements are provided in Figures 7.10b and 
7.10c, respectively. The holes’ diameters were inspected using the Automatic Circle tool of 
the Alicona G5 2DImageMerasurment module due to the high accuracy and repeatability 
required in the measurements. Alignment holes’ diameters of ten samples were analysed and 
the results showed that the dimensional accuracy and repeatability achieved with the used 
drilling sequence were better than 2 µm. The total measurement uncertainty at the 95% 
confidence level is calculated to be 0.2 µm (based on the uncertainty procedure provided in 
Chapter 3).  
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Figure 7.10 A representative sample with drilled alignment and fixing holes prior to the laser 
machining of the waveguide functional structure: (a) top view of the sample with dimensions 
of drilled alignment and fixing holes, (b) 3D view of one alignment hole and (c) top view of 
the alignment hole from (b) with its dimensions 
 
Figures 7.11a and 7.12a and Figures 7.11b and 7.12b show the entrance and exit of the 
waveguides rectangle holes produced with one- and two- side machining strategies, 
respectively. The positional and dimensional accuracy of the waveguide feature achieved in 
the one-side machining is better than 7 µm and 5 µm, respectively, based on the measurement 
results in Figure 7.11a. However, it can be seen in Figure 7.11b that the edge definition and 
the machining quality of the rectangular hole exit is not satisfactory.  The deterioration of the 
hole quality at the exit could be mainly attributed to the polarization state of the laser beam, in 
particular the dependency of material absorption on the laser processing direction. Similar 
observations at the exit of through structures were reported by other researchers and again 
they were attributed mainly to the beam polarization [277]. Figure 7.11c depicts the side wall 
of the waveguide structure, while Figure 7.11d shows the depth profile of the side wall at the 
specified location from Figure 7.11c. It is evident in Figure 7.11d that the structure side wall 
is nearly vertical, i.e. the tapering angle is 90.13⁰.  
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Figure 7.11 WR-3 straight through waveguide section produced with one-side machining 
strategy: top view of the rectangular through hole at its entrance (a) and at its exit (b), (c) 3D 
view of side wall after tapering angle improvements and (d) the side wall depth profile at the 
specified location in (c) 
Measurement results in Figure 7.12a and 7.12b depict the accuracy and repeatability achieved 
with the two-side machining that is better than 10 µm. Furthermore, the quality of the 
rectangular hole exit is significantly improved in comparison to the machining results 
achieved with the one-side laser machining approach (compare Figures 7.11b and 7.12b). The 
positional accuracy of the waveguide feature is better than 5 µm as it can be judged from the 
measurement results in Figure 7.12a and thus a high machining accuracy can be achieved also 
by carrying out a multi-axis LMM with the rotary stages. In addition, Figure 7.12c depicts the 
side wall of the waveguide structure that does not show any misalignment, visible stitching 
errors, between the two halves of the waveguide structure produced from the two opposite 
sides of the workpiece, respectively. Finally, it can be seen in Figure 7.12d that the structure 
side walls are nearly vertical, i.e. the tapering angle is 90.53⁰. This confirms again the LMM 
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capabilities and also of the proposed manufacturing process chain for producing THz 
waveguide structures with nearly vertical side walls. 
 
Figure 7.12 WR-3 straight through waveguide section produced with two-side machining 
strategy: top view of rectangular through hole at its entrance(a) and at (b) exit side of the 
sample, (c) 3D view of side wall after taper angle improvements and (d) extracted side wall 
depth profile at the specified location in (c) 
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Figure 7.13 . Measured transmission responses of the WR-3 straight through waveguide 
section produced employing two-side laser machining strategy 
S-parameters (scattering parameters) that can be acquired directly from microwave 
measurements are usually utilised to assess the microwave functional performance 
characteristics of a waveguide device. In its broadest definition, S-parameters describe the 
response of an N-port network to voltage signals at each port [241-251]. Detailed 
explanations for the S-parameters could be found in [241-251]. For a waveguide device with 
two ports, Ports 1 and 2, S21 is the transmission coefficient of the device from Port 1 to Port 2 
and it is usually measured in decibels (dB). Other commonly used S-parameter is the S11, 
which quantifies the return loss at a signal port [241-251]. More specifically S11 refers to the 
ratio of signal that reflects from one port for a signal incident on the same port [241-251]. As 
a straight through waveguide is used to evaluate the capabilities of the proposed 
manufacturing route, the whole frequency band is expected to be fully transmitted from Port 1 
to Port 2, i.e. S21 should be close to 100% or 0 dB. Whereas, only frequencies in the 
passband are transmitted for a filter and the other frequencies are partially or fully reflected by 
the device.  Figure 7.13 shows the results from the performance evaluation tests obtained for 
the WR-3 waveguide through section produced using the two-side laser machining strategy, 
where it can be seen that the average insertion loss is 0.15 dB (0.188 dB/mm).   
7.5.2 WR3-band Waveguide filter 
Figure 7.14a presents the measurement results of the WR3-band filter functional features on 
one side of the workpiece. By comparing the measurements with the nominal dimensions in 
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Figure 7.4 it can be stated that the machining accuracy is better than 5µm. The nearly vertical 
side walls of the waveguide structure are shown in Figure 7.14b that also depicts the 
machining quality achieved with the LMM operation. It can be seen in Figure 7.14c that the 
resulting side wall tapering angle is 90.31⁰, which is within the technical requirements for 
THz devices defined in Section 7.2.2. Once more, the results in Figure 7.15 confirm the 
capability demonstrated in the LMM-enabled manufacturing of the straight through 
waveguide section in Section 7.5.1 above. Figure 7.15 also provides measurement results for 
other machining results, which have been identified as critical for the functional performance 
of the waveguide in Section 7.2.2. In particular, Figure 7.15a shows the surface roughness 
(Sa) measurement, Sa = 0.86 µm, of the bottom surface of the waveguide that is within the 
specified requirement of Sa of less than 1.5 µm. Furthermore, Figure 7.15b depicts a high 
magnification view of the waveguide bottom surface, where high spatial frequency features 
such as laser induced periodic self-organized structures (LIPSS) or ripples and micro-holes 
can be observed. The LIPSS periodicity and orientation are related to the wavelength of the 
laser source and the beam polarization state, respectively, and are also reported in other 
detailed investigations into the LIPSS formation mechanisms [32, 55, 56]. In particular, the 
LIPSS periodicity is ~500nm (half-wavelength of the employed laser source), while their 
orientation is at 45⁰ to the laser beam tracks.   Figure 7.15c provides a representative view of 
one of the corners of the waveguide cavity, where it can be clearly seen that the corner radius 
of the laser machined filter meets the requirement stated in Section 7.2.2, i.e. the corner radius 
should be less than 15 µm. Since, the corner radius is determined by the beam spot size at the 
focal plane, further improvements can be easily achieved by further reductions in the beam 
spot size. However, such improvements would come in the expense of a reduced machining 
throughput. It should be noted that such waveguide cavity corner radiuses could not be 
achieved with conventional micro-milling operations due to cutting tools shape and size 
limitations and thus this outlines the necessity to employ the LMM for the production of the 
functional structures of the WR3-band waveguide filter. Table 7-3 also provides information 
about the machining efficiency of the proposed multi-process manufacturing platform. In 
particular, the time required for each of fabrication steps was recorded and thus to calculate 
the overall machining time for the production of one WR3-band waveguide filter. As it can be 
seen in Table 7-3 the machining time was estimated to be 43 min per one WR3-band filter, 
which demonstrates the attractiveness of the proposed manufacturing platform for producing 
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small to medium batches of THz devices. It is worth stressing that this unit manufacturing 
time includes 100% inspection of produced THz devices.  Finally, reproducibility of the 
proposed process chain is better than 5 µm based on the carried out analyses of the 20 laser 
machined WR3-band waveguides. Appendix 7 exemplifies detailed measurement results for 
five of the produced WR3-band waveguide filters. 
Table 7-3 The processing times associated with different steps of the proposed manufacturing 
route 
Process chain fabrication step Time (min) 
Drilling of alignment/ fixing holes  10 
Fixing a cut-off workpiece on a pallet 2 
Automated alignment of cut-off workpiece  3 
First laser machining operation (all functional features) 10 
Part inspection and rest volumes calculation 7 
LMM of rest volumes (tapering angle improvements) 4 
Final inspection 7 
Total fabrication time per waveguide filter    43 
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Figure 7.14 A representative laser machined WR3-band waveguide filter: (a) top view with 
dimensions, (b) 3D view of one side wall and (c) the side wall depth profile at the specified 
location in (b) 
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Figure 7.15 Machining results of the produced WR3-band waveguide filter in terms of: (a) 
Surface roughness (Sa) measurement at the bottom of the produced waveguide, (b) high 
magnification view of the surface topography at the bottom surface of the waveguide and (c) 
corner radius measurement 
 
Figure 7.16 Results from the performance evaluation tests of the WR3- band waveguide filter 
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Figure 7.16 shows the measurement results from the filter performance evaluation tests. The 
measured average passband insertion loss is around 4.5 dB, which is 4.2 dB higher than the 
expected value, i.e. 0.3 dB based on the simulation using the copper conductivity. The centre 
frequency shifts upwards by around 3 GHz (1%) and the bandwidth is narrower in 
comparison with simulations. This may be attributed to the tapering angle that makes the 
resonators and coupling slots smaller than designed.  
The measured results are in a good agreement with simulations.  The insertion loss deviation 
can be explained mainly with the copper disk flatness. According to simulations carried out 
with the EM software, a 5 µm air gap at each of two interfaces between filter and 
measurement equipment contributes to around 3.5 dB additional loss. To reduce this loss that 
is due to energy leakages, a diamond fly cutting process can be utilised to improve the flatness 
of the copper workpieces prior to the laser machining operations. THz designs which may 
tolerate small air gaps at the interface could also be explored to lower the tight requirements 
on copper workpieces’ flatness. Finally, Table 7-4 summarizes the manufacturing capabilities 
of the proposed process chain in comparison to photoresist-based micro-manufacturing 
techniques and thus to judge better about the advantages of the proposed process chain for 
producing THz waveguide filters. 
Table 7-4 Comparative analysis of the manufacturing capabilities of the proposed process 
chain and photoresist-based micro-manufacturing techniques 
Manufacturing technology Photo-resist based [246-249] 
Proposed 
process chain 
Geometrical complexity 2D 3D 
Requirements for secondary processes Masks production; Coating No 
Assembly Required No 
Material Selection Photoresists No limitations 
Vulnerability to design changes High Low 
Environmental Impact Use of chemicals No 
Process chain integration flexibility  Low High 
 
The qualitative comparative analyses, presented in Table 7-4, clearly demonstrate the 
manufacturing advantages of the proposed laser-based process chain in comparison to the 
photo-resist based technologies. It is worth stressing the high flexibility of the proposed 
process chain to produce various 3D geometries that incorporate different scales’ functional 
features. In contrast, the photo-resist based technologies are considerably more vulnerable and 
172 
 
capital intensive to waveguide design changes, because masks have to be produced for 
different waveguide designs. 
7.5.3 W-band waveguide filter 
Figure 7.17a shows a photograph of the produced W-band waveguide, where it can be seen 
that the overall size of the produced component is similar to a 1-pound coin. Figure 7.17b 
provides detailed dimensional measurement results of the W-band filter functional features on 
one side of the component. Comparing the actual dimensions of the functional features with 
the nominal dimensions in Figure 7.5 reveals that the machining accuracy is better than 5 µm. 
In addition, the nearly Figure 7.17b shows a 3D view of the produced device, exemplifying 
the smallest functional feature of the THz device.  Figure 7.17c quantifies the resulting side 
wall tapering angle and it is equal to 90.31⁰, which provides further evidence of the 
capabilities of the LMM for obtaining nearly vertical side walls of the waveguide cavities. 
Measurements of the produced 20 W-band waveguides reveal that the machining repeatability 
and reproducibility is better than 5 µm. Appendix 7 exemplifies detailed measurement results 
for five of the produced W-band waveguide filters. Thus, the dimensional measurement 
results of the laser produced W-band filters reiterate the high machining reliability and 
robustness, which was observed during the machining trials of the WR3-band devices (refer 
to section 7.5.1 and 7.5.2). The S-parameter measurement results from a representative 
functional performance evaluation test of a W-band filter are shown in Figure 7.18. There is 
an excellent agreement between the measured performance and simulations. The passband 
insertion loss is measured to be around 0.65 dB, which is close to the expected value of 0.3 
dB obtained from Computer Simulation Technology Microwave Studio (CST MWS) 
simulations. The maximum passband return loss is measured to be 15 dB, whereas the 
simulated one is 20 dB. Finally, in order to clearly highlight the capabilities of the proposed 
multi-process manufacturing solution to produce high quality THz devices, Table 7-5 
compares the functional performance characteristic parameters of the produced W-band filter 
with that of similar W-band components which are commercially available.   
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Table 7-5 Comparison of the functional performance of the produced W-band waveguides to 
that of commercially available THz devices 
Filter # / 
Reference 
Centre 
frequency, 
GHz 
Bandwidth, 
dB 
Manufacturing 
Technique 
Insertion 
Loss, dB 
Quality 
Factor 
[Q_estimated] 
1 [278] 92.6 3.7 
CNC milling &  
then gold-plated 
0.3 - 
2 [251] 100 10 
CNC milling on 
aluminium 
0.6 330.3 
3 [279] 92.45 3.2 
Silicon DRIE & 
then copper-plated 
1.1 362.3 
4 [280] 100 5 
SU8 single layer 
process 
1.2 330.3 
5 [281] 100 5-10 CNC milling 0.6-0.9 516 
6 [This 
work] 
100 5 
LMM-enabled 
process chain 
0.7 566.3 
 
It can be seen from Table 7-5 that the Insertion loss of the of the produced W-band waveguide 
filters in this research is in very comparable to the those obtained by commercially available 
THz devices. It is worth noting that the insertion loss was obtained without the requirement 
for a coating operation of the devices after the laser manufacturing step, which significantly 
reduces manufacturing cost and time with the proposed laser-based manufacturing solution. In 
addition, Table 7-5 provides an estimated waveguide performance quality factor 
(Q_estimated) for the investigated filters, where the higher the Q_estimated of a filter the 
better is its functional performance in terms of a signal loss.  It can be clearly seen from Table 
7-5 that the quality factor of the produced W-band filters in this research is the highest in 
comparison to the rest of the filters. This provides quantitative evidences for the 
manufacturing capabilities of the proposed LMM-enabled process chain to produce high 
quality THz devices.  
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Figure 7.17 (a) A representative laser machined W-band waveguide filter, (b) top view of the 
filter with dimensions, (c) 3D view of one side wall and (d) the side wall depth profile at the 
specified location in (c) 
 
Figure 7.18 Performance evaluation tests results (solid lines) and simulation results (dashed 
lines) of the laser machined W- band waveguide filter. The simulations are performed in CST 
[262] 
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7.6 Conclusions 
This chapter presents a novel LMM-based process chain for the scale up production of THz 
technology devices, which operate at the high end of the electromagnetic spectrum. The 
results demonstrate that the utilization of the system-level tools and techniques developed in 
this research (Chapters 4 and 5) significantly improves the modularity and reconfigurability of 
laser micro-processing platforms and thus they facilitate the integrations of LMM in multi-
process manufacturing platforms for the fabrication of complex miniaturized products with 
multi-length scale (micro-and meso-scale)  functional features. The following conclusions can 
be drawn from this research work: 
 The overall machining time for producing complex miniaturized products with multi-
length scale features, e.g. THz devices, can be significantly reduced by integrating LMM 
with other manufacturing processes that have complementary cost effective processing 
windows, e.g. milling.  
 Two-side LMM of complex components, e.g. THz waveguide devices, can significantly 
improve the machining quality of laser machined functional features.  
 The side wall tapering of laser machined structures can be controlled to produce them 
with vertical walls and tolerances within  +/- 1⁰. 
 The cavities corner radius better than 15 µm and surface roughness (Sa) better than 0.9 
µm could be achieved; 
 Dimensional accuracy of 10 µm can be achieved with the proposed multi-process 
manufacturing route, while the dimensional repeatability and reproducibility of the 
produced waveguide structures is better than 5 µm; 
 The positional ARR of the laser machined micro-scale waveguide functional features in 
regards to the milled meso-scale assembly holes are better than 5 µm, which clearly 
demonstrates the capabilities of the developed system-level tools (Chapters 4 and 5) to 
enhance the modularity of LMM platforms and to enable their integration in process 
chains. 
The results from the functional evaluations tests of the produced THz devices reveal the 
capabilities of the proposed LMM-enabled process chain for producing waveguides with 
exceptional microwave performance, which matches and even exceeds that of commercialized 
THz passive components.  In addition, a comparative qualitative analysis of the 
manufacturing capabilities of the proposed process chain and the photo-resist based 
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technologies demonstrate the advantages of the proposed process chain over current 
waveguide fabrication solutions. Also, it is important to stress that the manufacturing 
flexibility achieved by deploying the system-level tools and techniques developed in this 
research allows to fabricate 3D miniaturised components with different length scales 
functional features in any material and thus to eliminate some additional post-processing 
steps, i.e. in case of THz devices, fabrication of the complete devices on  material substrates 
with high electrical conductivity (coper) eliminates the requirements for post-processing steps 
such as coating and assembly operations. 
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CHAPTER 8 
CONTRIBUTIONS, CONCLUSIONS AND FUTURE 
WORK  
 
Overview 
This chapter presents the main contributions and conclusions reached in the research reported 
in the thesis. Suggestions for future work are also discussed. 
 
8.1 Contributions 
The main research findings and contributions to existing knowledge in the laser micro-
processing technology are presented in the subsections below. 
8.1.1 A systematic approach for quantitative characterization of  accuracy, 
repeatability and reproducibility of state-of-art laser micromachining platforms 
A systematic quantitative study for evaluating the accuracy, repeatability and reproducibility 
(ARR) of state-of-art LMM systems was designed and conducted in this research. The 
proposed study evaluated the effects of key component technologies on ARR capabilities of 
laser systems. In particular, the ARR capabilities of the optical and mechanical axes were 
investigated when they were utilised separately or in combination and thus to clearly quantify 
the individual contributions of the integrated key component technologies to the observed 
overall laser machining errors. These are the important generic findings from the performed 
quantitative study: 
 High dynamic optical beam deflection systems are capable of executing laser machining 
movements with an accuracy of ±10 µm, but due to their mostly open-loop control, 
calibration errors have a major impact on the overall performance of LMM systems. 
Therefore, frequent calibrations of scan heads, i.e. when changes are made in the optical 
beam delivery paths of laser system, are of critical importance for obtaining consistent 
machining accuracy. In addition, the machining accuracy with the optical beam deflection 
systems (optical axes) typically decreases with the increase of nominal dimensions of the 
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geometries to be produced, i.e. the machining accuracy is better at the centre of the field 
of view defined by the LMM system focusing lens. 
 The accuracy of the mechanical axes is much better, generally in the range of ±2 µm to 4 
µm, in comparison to that of the optical axes. This could be partially attributed to the 
much lower processing speed of the mechanical stages, typically less than 100 mm/s, in 
contrast to that of the scan heads, greater than 500 mm/s. Other factors, which contribute 
to the better machining accuracy with mechanical axes is their better closed-loop control 
than that of optical axes; 
 Repeatable and reproducible machining results were not achieved with all investigated 
systems. Import factors that contributed to the observed deterioration of machining 
repeatability and reproducibility were the lack of adequate tools and techniques for precise 
positioning and alignment of workpieces prior to the laser machining operations. 
 The dynamic capabilities of Dynamic Focusing Modules (DFM or also called Z-modules) 
are substantially inferior to those of X and Y optical beam deflectors. In particular the 
maximum speed of the Z module is less than 10% of the maximum speeds achievable with 
X and Y optical axes of the 3D scanhead. Thus, the DFM dynamic deficiencies can 
become a major obstacle for the broader use of high frequency laser sources that 
necessitate high dynamic 3D scanheads for executing cost effectively free-form surface 
processing operations. 
Finally, the systematic analysis of the ARR capabilities of key component technologies in 
LMM systems highlighted that state-of-art LMM implementations did not have the 
technology maturity level of well-established micromachining processes like milling. The 
analysis provided quantitative evidences that system-level tools and techniques have to be 
developed for LMM platforms and thus to improve their overall machining ARR, especially 
when optical axes are employed in the LMM operations. 
8.1.2 Generic integration tools for improving  the system-level machining performance 
of reconfigurable LMM platforms   
Two generic integration tools, i.e. modular workpiece holding system and an automated 
workpiece setting-up routine, were developed and validated for improving the system-level 
performance of reconfigurable laser micro-processing platforms. The proposed tools offer 
sufficient flexibility, robustness and operability to address important system-level issues in 
LMM and create the necessary pre-requisites for improving machining ARR of LMM 
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platforms. In addition, the proposed integration tools improve the machining performance of 
LMM platforms in terms of manufacturing flexibility and reliability both in stand-alone 
machine tool configurations and also as constituent manufacturing modules in multi-process 
manufacturing solutions. These are the important generic findings from the validations of the 
two developed integration tools:  
 The developed modular workpiece holding system and automated workpiece setting up 
routine improve the reliability, robustness and interoperability of LMM platforms and also 
the achievable machining ARR.  
 The modular workpiece holding system is capable of delivering positional ARR better 
than +/- 1 µm. At the same time it is a cost effective solution due to the use of mostly 
standardised and commercially available components and the system can be used both for 
manual or automated positioning of the workpieces in LMM platforms. These are the 
main attributes of the system: (i)  highly accurate and precise positioning of workpieces in 
LMM platforms; (ii) flexibility for realizing various laser micromachining configurations, 
i.e. laser polishing of free-form surfaces, single-side and multi-side laser processing of a 
single part or an array of parts and laser processing of axis-symmetric parts; (iii) 
reconfigurability for implementing both manual and automated workpiece setting-up 
routines and (iv) high level of modularity to enable the integration of LMM systems with 
other complementary processes. 
 The automated workpiece setting up routine reduces significantly the uncertainty in 
registering parts in LMM platforms. Alignment ARR better than +/- 4 µm is achievable by 
employing the developed workpiece holding system and an FV probe. These are the main 
characteristics of the developed automated alignment routine: (i) flexibility for registering 
workpieces with various geometrical designs; (ii) minimising/eliminating the influence of 
workpiece’s imperfections, i.e. edge definition and surface integrity, on the registration 
accuracy and precision; (iii) registration of workpiece coordinate systems in LMM setups 
without pre-existing registration marks; (iv) non-contact registration of workpieces to 
avoid damaging surfaces, i.e. when polymers are processed or pre-existing micro features 
are used for alignment; and (v) minimising the influence of the human factor in executing 
workpieces registration routines. 
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8.1.3 Generic software tools for extending the manufacturing capabilities of 
reconfigurable laser micro-processing modules 
Generic software tools were developed for improving the manufacturing capabilities of 
reconfigurable LMM systems in terms of machining throughput and complexity of the laser 
manufacturing operations that can be realized with them. In particular, the following two 
generic software solutions were developed and validated: (i) a software tool to counteract the 
negative dynamic effects of beam deflectors in optical scanning heads and thus to improve 
significantly the accuracy, quality and efficiency of LMM operations; and (ii) an automated 
strategy for multi-axis LMM that employ rotary stages for performing complex machining 
routines. These are the advances in the LMM technology achieved with the developed 
software tools:  
 The negative dynamic effects of optical beam deflection systems are minimised by 
introducing machine specific compensations in machining vectors to counteract their 
acceleration and deceleration regions regardless of their directions, length and set scan 
speed. Such compensations in the machining vectors create capabilities to synchronize 
‘’on-the-fly’’ the laser pulse firing with the laser beam movements and thus to improve 
the LMM accuracy and quality. In addition, the laser machining efficiency is substantially 
increased through the use of much higher scan speeds without any detrimental effects on 
ARR and machining quality.   
 Capabilities to use rotary stages in conjunction with optical and mechanical axes in LMM 
platforms for executing automated multi-axis control strategies with high machining ARR. 
In particular, the developed software tool has in-process synchronization capabilities for: 
(i) correlating the beam coordinate system (BCS) to the machine coordinate system 
(MCS); (ii) predicting the translational errors in correlating geometrically BCS to MCS 
after any arbitrary rotary movements; (iii) executing corrective commands in the 
machining routines to compensate the translational errors of BCS in MCS after the 
execution of rotary movements. These tools allow complex machining operations, i.e. 
laser polishing of free-form surfaces, one-side and multi-side laser processing of a single 
part or an array of parts and laser processing of axis-symmetric parts, to be carried out 
with ARR better than +/- 6.5 µm. 
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8.1.4 LMM enabled multi-process manufacturing solutions for complex miniaturized 
products 
LMM as a constituent technology in process chains that extend the capabilities of well proven 
conventional manufacturing routes is demonstrated and validated. In particular, the 
complementary capabilities of LMM and mechanical machining were combined for the 
fabrication of miniaturised products, i.e. Terahertz technology devices that incorporate multi-
length scale (micro-and meso-scale) functional features. The required level of modularity and 
reconfigurability of the LMM process is achieved through the implementation of the system-
level tools and techniques developed in this research (Chapters 4 and 5). These are the generic 
findings from the deployment of the developed system level tools for integrating LMM with 
mechanical machining: 
 The use of LMM in its complementary cost effective processing window to mechanical 
machining provides a viable manufacturing route for producing miniaturised products 
with multi-length scale (micro-and meso-scale) functional features.  
 The system-level tools developed in this research improve significantly the ARR and the 
overall quality of laser machined functional features. In particular, the key improvements 
achieved with the developed system-level tools are: (i) the side wall tapering of laser 
machined structures is controlled within +/- 1⁰; (ii) complex structures, i.e. the waveguide 
structures of THz devices, can be produced with corner radius of less than 15 µm and 
surface roughness (Sa) better than 0.9 µm; (iii) dimensional accuracy of 10 µm can be 
achieved, while the repeatability and reproducibility is better than 5 µm; and (iv) the 
positional ARR of the laser machined micro-scale features in regards to the milled meso-
scale holes/structures are better than 5 µm.  
 The system level tools for carrying out LMM and also for integrating the technology with 
mechanical machining enable the manufacture of THz devices with required ARR. This is 
validated by conducting functional tests on the produced THz devices. It was 
demonstrated that the microwave performance of the waveguides produced with the LMM 
technology matches and even exceeds that of reference THz passive components produced 
employing photo-resist based technologies. In addition, the following advantages were 
identified in a comparative qualitative analysis of the proposed process chain against the 
photo-resist based technologies that are currently used for producing THz devices:  (i) 
reduction of manufacturing cost and time; (ii) high manufacturing flexibility, capabilities 
182 
 
for producing complex 3D geometries that incorporate different scales’ functional 
features;  and (iv) capabilities to structure materials with high electrical conductivity, e.g. 
copper, brass, etc., that eliminates the requirements for post-processing steps such as 
coating and assembly operations. The validation research was carried out on three 
industrially representative THz devices and therefore it can be stated that the proposed 
manufacturing approach can enable the scaled-up production of a diverse range of THz 
waveguide devices with the required level of accuracy, precision and surface integrity. 
8.2 Conclusions 
The overall aim of this research was to improve the system-level performance of 
reconfigurable LMM platforms and thus to create the necessary pre-requisites for increasing 
LMM accuracy, repeatability and reproducibility (ARR) in different processing 
configurations. To accomplish this overall aim the following research were carried out: 
 Development and implementation of a systematic approach for quantitative 
characterization of the manufacturing capabilities of state-of-art LMM platforms in terms 
of machining ARR (Chapter 4). 
 Development, implementation and validation of generic integration tools for 
reconfigurable LMM platforms which can improve their system-level machining 
performance in terms of manufacturing flexibility and reliability both in stand-alone 
machine tool configurations and also as component technologies in multi-process 
manufacturing solutions (Chapter 5). 
 Design, implementation and validation of generic software tools for reconfigurable LMM 
modules that create capabilities for realizing complex multi-axis laser processing 
strategies with a high degree of closed-loop manufacturing control and thus to enable a 
flexible and robust laser micro-processing technology for the fabrication of multi length-
scale functional features with the required level of ARR (Chapter 6). 
 Development  and demonstration of novel multi-process manufacturing platforms that 
integrate the LMM technology as a key product enabler, and thus to extend the 
capabilities of industrially proven conventional manufacturing processes such as micro 
milling for producing emerging high-value miniaturised products.  In particular, a multi-
process manufacturing solution that combines LMM with mechanical machining is 
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proposed in this research. It benefits from their complementary cost-effective processing 
windows for the scale up production of Terahertz technology devices (Chapter 7). 
The results from the research provide sufficient evidences that the overall aim of the research 
was met. In particular, the system-level performance of reconfigurable laser micro-processing 
platforms has been substantially improved and this provides the necessary pre-requisites for 
increasing ARR of different LMM operations and processing configurations, i.e.  laser 
polishing of free-form surfaces, one-side and multi-side laser processing of a single part or an 
array of parts and laser processing of axis-symmetric parts. In addition, the implemented 
generic integration tools for LMM platforms were demonstrated to create capabilities for 
increased manufacturing flexibility, operability, reliability and robustness both in stand-alone 
LMM configurations and also as a constituent technology in multi-process manufacturing 
solutions. 
8.3 Future Work 
The following areas for future research were identified: 
8.3.1 Further developments of generic system-level tools for achieving mature and 
reliable laser micro-processing technology  
Despite the improved system-level performance of reconfigurable LMM platform investigated 
in this research, further efforts should be focused on improving the performance of LMM 
systems from the machine-tool point of view and thus to address  other factors contributing to 
the LMM uncertainty that affect directly the quality of machined structures/components. In 
particular, the following tools have to be developed: 
 Automated calibration tools for achieving robust LMM results over specified time 
intervals with pre-defined machining ARR. Development and implementation of automatic 
calibration routines should be aimed at creating capabilities for: (i) monitoring the 
calibration accuracy and precision of LMM systems and thus to alert machine operators or 
control systems for beam positioning errors, which can deteriorate machining ARR; (ii) 
fast and efficient self–calibration of LMM systems following changes in the optical beam 
path configuration, i.e. change in the beam expander factor and changes in the spatial 
beam profiles (Top-hat, Circular, M-shaped); (iii) automatic recording of alignment and 
calibration data associated with individual component technologies in the optical beam 
delivery system and thus to be able to quantify their contributions to the overall LMM  
184 
 
performance; (iv) implementing generic calibration file formats (e.g. .txt, .xml)  and thus 
to be able to  access the control boards of optical beam deflection systems from different 
suppliers. 
 In-process metrology tools and advanced processing control strategies for establishing 
close-loop LMM control. Integration of metrology tools for product and process data 
acquisition with the required level of uncertainty and traceability and thus to enable close-
loop LMM control for realising “zero-defect” machining strategies in manufacturing 
complex miniaturised products. Especially, such tools should enable the execution of 
advanced process and quality control strategies that employ a wide range of methods, 
from statistical process control (SPC) to control-chart pattern-recognition and data mining 
algorithms. Examples of some envisaged key characteristics of such in-process metrology 
tools and data processing techniques include capabilities for: (i) volumetric error 
correction to rectify any products deviation from their nominal designs, (ii) in-process 
laser parameters’ optimisation to ensure successful laser processing of products within 
predefined dimensional and geometrical tolerances, and (iii) model-based inspections to 
verify dimensional and geometrical compliance of components’ key functional features. 
8.3.2 LMM enabled multi-process manufacturing solutions for ‘’zero-defect’’ 
fabrication of diverse miniaturized complex products 
Further research efforts should be dedicated to the integration of reconfigurable LMM 
platforms with other industrially proven manufacturing processes, e.g. injection moulding, 
powder metallurgy and additive manufacturing, and thus to reduce the cost and industrial 
risks in developing scale up manufacturing solutions for a range of existing or new emerging 
miniaturised products. These are two conceptual ideas that exemplify the manufacturing 
potential of such multi-process manufacturing solutions: 
 Integration of laser micro-processing with additive manufacturing technologies. The 
integration of laser micro-processing with different additive manufacturing technologies 
could result in solutions for batch fabrication of complex miniaturized components with 
high surface integrity and dimensional ARR while ensuring a sustainable use of advanced 
materials. Figure 8.1 depicts the envisaged process chain and exemplifies the potential 
improvements in components’ surface integrity following the laser-micro-polishing step.   
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Figure 8.1 A process chain that combines additive manufacturing and laser micro-processing 
 Integration of laser micro-processing with powder metallurgy for novel cutting tools. 
Research efforts on the combination of laser micro-processing with powder metallurgy 
could enable the fabrication of cutting tools with improved designs, i.e. incorporating chip 
breakers, complex edge radius designs and textured rake and flank surfaces. Such tools 
could potentially exhibit improved tribological characteristics during machining that could 
lead to reductions of the cutting forces and tool wear, and also to improvements of the 
workpiece surface quality/integrity.  
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APPENDIX 1 
 
DETAILED ENGINEERING DRAWINGS
 
Appendix 1 provides the detailed engineering drawings of the test geometries, which were 
machined in the context of the research reported in the thesis. 
Figure A1.1 shows the detailed engineering drawing of the test geometry for tests 1, 2, 4 and 
5 of the quantitative study in Chapter 4. 
 
Figure A.1.1. Detailed engineering drawing of the test geometry for tests 1, 2, 4 and 5 of the 
quantitative study in Chapter 4 
Figure A1.2 shows the detailed engineering drawing of the test geometry for test 3 of the 
quantitative study in Chapter 4. 
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Figure A.1.2. Detailed engineering drawing of the test geometry for test 3 of the quantitative 
study in Chapter 4 
Figure A1.3 shows the detailed engineering drawing of the test geometry for test 6 of the 
quantitative study in Chapter 4. 
 
Figure A.1.3. Detailed engineering drawing of the test geometry for test 6 of the quantitative 
study in Chapter 4 
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Figure A1.4 shows the detailed engineering drawing of the WR3-band waveguide filter in 
Chapter 6. 
 
Figure A.1.4. Detailed engineering drawing of the WR3-band waveguide filter in Chapter 7 
Figure A1.5 shows the detailed engineering drawing of the W-band waveguide filter in 
Chapter 6. 
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Figure A.1.5. Detailed engineering drawing of the W-band waveguide filter in Chapter 7 
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APPENDIX 2  
 
CHARACTERIZATION OF THE TOTAL UNCERTAINTY OF 
THE MEASURMENTS PROCEDURES IN CHAPTER 3
 
The measurements on laser structured/textured surfaces were carried out using the FV 
technology, in particular an Alicona G5 InfiniteFocus microscope. Some preliminary 
measurements of the machined fields were conducted using four different objectives, in 
particular 5X, 10X, 20X and 50X. The aim of these measurements was to assess the 
measurement uncertainties associated with these four objective lenses in context of the 
planned six tests (presented in Chapter 4). A representative test structure, as shown in Figure 
A2.1, produced with System A was used to carry out this uncertainty assessment. The area 
enclosed between 1st and 3th trenches was scanned and the corresponding distances between 
the trenches were measured. To minimise the effect of laser-material interactions on the 
trench width, the measurements were taken from the edge of 1st trench to the corresponding 
edge of 3th trench. The ‘2D measurement’ tool provided by the Alicona data analysis software 
with capabilities for detecting edges automatically was used and the corresponding 
uncertainties associated with the measurements were calculated. Ten measurements along the 
edges of 1st and 3th trenches were performed and thus to judge about the total uncertainty of 
the utilized measurement procedures. Table A 2.1 provides the measurement results with the 
5X objective lens. Table A 2.2 provides the measurement results with the 10X objective lens. 
Table A 2.3 provides the measurement results with the 20X objective lens. Table A 2.4 
provides the measurement results with the 50X objective lens. 
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Figure A2.2. Measurements of the relative distance between 1st and 3rd laser produced 
trenches  for characterizing the measurement uncertainty both with x20 and x50 objective 
lenses 
Table A2.1 Measurement results with the 5X objective lens 
Measurement [mm] 1 2 3 4 5 6 7 8 9 10 
2.0008 1.9990 2.0012 1.9960 1.9992 2.0001 1.9925 1.9953 1.9914 2.0010 
Average [mm] 1.9977 
Standard deviation 
[µm] 
3.62 
Uncertainty [µm] 1.14 
Total Uncertainty 
95% level [µm] 
2.28 
Table A2.2 Measurement results with the 10X objective lens 
Measurement [mm] 1 2 3 4 5 6 7 8 9 10 
1.9956 1.9942 1.9951 1.9956 1.9945 1.9933 2.0005 1.9963 2.0010 1.9935 
Average [mm] 1.9959 
Standard deviation 
[µm] 
2.70 
Uncertainty [µm] 0. 85 
Total Uncertainty 
95% level [µm] 
1.71 
Table A2.3 Measurement results with the 20X objective lens 
Measurement [mm] 1 2 3 4 5 6 7 8 9 10 
1.9961 1.9975 1.9955 1.9950 1.9982 1.9970 1.9966 1.9969 1.9990 1.9980 
Average [mm] 1.9969 
Standard deviation 
[µm] 
1.24 
Uncertainty [µm] 0. 51 
Total Uncertainty 
95% level [µm] 
1.02 
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Table A2.4 Measurement results with the 50X objective lens 
Measurement [mm] 1 2 3 4 5 6 7 8 9 10 
1.9962 1.9959 1.9962 1.996 1.9959 1.9962 1.9963 1.9958 1.9962 1.9963 
Average [mm] 1.9961 
Standard deviation 
[µm] 
0. 18 
Uncertainty [µm] 0. 105 
Total Uncertainty 
95% level [µm] 
0. 21 
 
Based on the results from Tables A2.1 to A2.4 and taking into account that the expected 
machining ARR capabilities with optical axes and mechanical axes are +/-10 µm and +/- 2 
µm, respectively, 20X objective lens was selected to perform measurements for Tests 1,3, 4,5 
and 6, while 50X objective lens was selected to perform measurements for Test 2. In this way, 
the total measurement uncertainty was less than 10% of the expected ARR tolerance levels. 
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APPENDIX 3  
 
DEPTH PROFILE MEASURMENT RESULTS OF DIMPLES 
PRODUCED IN CHAPTER 3 FOR INVESTIGATING THE 
DYNAMIC CAPABILTIES OF DYNAMIC FOCUSING 
MODULES
 
Tables A3.1and A3.2 provide depth profile measurement results of the dimples that were 
produced in the context of the proposed experimental methodology for investigating the 
dynamic capabilities of dynamic focussing modules. In particular, Table A3.1 shows the 
depth of dimples that were produced on the sample normal to the incident laser beam, while 
Table A3.2 gives information for the depth of dimples that were produced on the sample tilted 
at 15⁰ in regards to the incident beam. 
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Uncertainty  
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Average 
[µm] 
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95 % level 
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ple depth [µ
m
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section  of the produced lines 
Average 
Uncertainty  
95 % level 
[µm] 
100 
11.8 
12.2 
12.4 
11.9 
12.2 
12.1 
0.2 
12.1 
12.3 
12.5 
12.8 
11.5 
12.2 
0.4 
12.4 
12.4 
12.0 
11.9 
11.9 
12.1 
0.2 
500 
12.1 
11.9 
11.8 
11.9 
12.2 
12.0 
0.1 
11.8 
12.1 
12.6 
12.1 
12.4 
12.2 
0.3 
12.6 
12.3 
11.9 
11.9 
12.0 
12.1 
0.3 
1000 
12.4 
13.0 
12.8 
11.9 
12.5 
12.5 
0.4 
11.9 
12.6 
12.1 
12.1 
11.8 
12.1 
0.3 
12.1 
12.9 
11.9 
12.1 
12.8 
12.4 
0.4 
1200 
11.9 
12.0 
12.1 
12.5 
11.9 
12.1 
0.2 
12.0 
13.1 
12.1 
12.6 
12.4 
12.4 
0.4 
11.8 
12.7 
12.1 
12.6 
11.9 
12.2 
0.4 
1300 
11.6 
11.9 
13.1 
12.5 
11.2 
12.1 
0.7 
12.6 
12.6 
11.5 
11.0 
11.9 
11.9 
0.6 
11.9 
11.5 
12.5 
12.9 
11.0 
12.0 
0.7 
1400 
11.2 
13.5 
11.9 
12.4 
11.6 
12.1 
0.8 
11.2 
11.6 
12.1 
12.5 
11.6 
11.8 
0.5 
11.8 
13.5 
12.3 
12.4 
11.0 
12.2 
0.8 
1500 
12.5 
12.3 
11.8 
11.1 
12.9 
12.1 
0.6 
12.1 
12.2 
11.9 
13.1 
13.5 
12.6 
0.6 
12.6 
13.1 
11.7 
12.0 
11.8 
12.2 
0.5 
1600 
13.2 
12.1 
11.5 
12.0 
12.5 
12.3 
0.6 
12.4 
11.7 
11.8 
12.2 
12.1 
12.0 
0.3 
13.2 
13.0 
12.1 
11.1 
11.7 
12.2 
0.8 
1700 
13.5 
12.8 
12.0 
11.8 
13.1 
12.6 
0.6 
11.7 
12.8 
12.0 
12.4 
11.5 
12.1 
0.5 
12.7 
12.2 
11.7 
11.5 
11.3 
11.9 
0.5 
1800 
12.7 
11.9 
12.6 
12.7 
12.8 
12.5 
0.3 
11.8 
12.6 
13.1 
11.8 
11.9 
12.2 
0.5 
12.1 
12.2 
11.9 
11.6 
11.7 
11.9 
0.2 
1900 
11.8 
12.0 
11.5 
12.7 
11.6 
11.9 
0.4 
12.3 
12.1 
11.4 
11.8 
11.8 
11.9 
0.3 
11.8 
11.5 
13.1 
11.1 
13.2 
12.1 
0.9 
2000 
12.6 
11.6 
12.3 
11.8 
12.7 
12.2 
0.4 
12.1 
12.8 
11.5 
11.9 
11.6 
12.0 
0.5 
11.8 
12.1 
11.1 
12.0 
13.4 
12.1 
0.7 
T
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D
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section  of the produced lines 
Average 
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D
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[µm] 
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95 % level 
[µm] 
D
im
ple depth [µ
m
] at the top 
section  of the produced lines 
Average 
Uncertainty  
95 % level 
[µm] 
100 
11.3 
11.0 
11.5 
11.2 
11.6 
11.3 
0.2 
12.1 
12.3 
11.8 
11.6 
11.3 
11.8 
0.4 
11.2 
12.4 
11.6 
12.1 
11.5 
11.7 
0.4 
500 
11.1 
11.3 
10.6 
11.6 
12.1 
11.3 
0.5 
11.8 
11.7 
12.6 
12.1 
12.5 
12.1 
0.4 
12.6 
12.1 
11 
11.8 
12.3 
11.9 
0.5 
1000 
12.5 
12.8 
11.5 
11.2 
13 
12.2 
0.7 
11.7 
12.6 
11.3 
12.4 
11.9 
11.9 
0.5 
11.8 
11.1 
11.7 
13.1 
12.2 
11.9 
0.7 
1200 
12.9 
11.5 
11.9 
12.2 
11.7 
12.0 
0.5 
12.4 
13.6 
12.6 
12.9 
11.6 
12.6 
0.7 
11.3 
12.7 
12.1 
12.8 
11.5 
12.1 
0.6 
1300 
12.4 
11.9 
11 
10.5 
10.9 
11.3 
0.7 
12.2 
13.1 
11.9 
12.5 
11.1 
12.1 
0.7 
11.6 
11.2 
11.9 
10.9 
11.7 
11.5 
0.4 
1400 
12.9 
13.1 
12 
11.5 
10.6 
12.0 
0.9 
12.6 
11.9 
13.4 
12.7 
11 
12.3 
0.8 
11.5 
11.9 
12.8 
12.7 
11.2 
12.0 
0.6 
1500 
8.9 
8.5 
10.1 
8.7 
9.2 
9.1 
0.6 
12.1 
10.2 
10.5 
9.9 
10.8 
10.7 
0.8 
12.6 
13.1 
11.7 
12 
11.8 
12.2 
0.5 
1600 
5.3 
4.9 
3 
4.1 
6 
4.7 
1.0 
8.9 
7.3 
8.5 
9.1 
8 
8.4 
0.6 
13.2 
10.9 
12.5 
11.8 
11.7 
12.0 
0.8 
1700 
0.5 
0.8 
0.9 
0.2 
0.1 
0.5 
0.3 
6.3 
7.1 
6.9 
7 
6.2 
6.7 
0.4 
12.7 
12.2 
10.9 
11.5 
11.3 
11.7 
0.6 
1800 
0.8 
1.2 
0.4 
0.5 
0.4 
0.7 
0.3 
5.9 
5.7 
4.3 
3.9 
4.9 
4.9 
0.8 
12.6 
12.2 
11.9 
11.3 
11.7 
11.9 
0.4 
1900 
0 
0.5 
1.5 
0.8 
0.1 
0.6 
0.5 
1 
1.2 
2.1 
1.4 
1.6 
1.5 
0.4 
12 
11.3 
11.8 
11.4 
11.1 
11.5 
0.3 
2000 
1 
0.9 
0.2 
0.1 
0.1 
0.5 
0.4 
1.1 
2 
1.3 
0.6 
0.1 
1.2 
0.6 
11.8 
12.1 
11.6 
12 
11.5 
11.8 
0.2 
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APPENDIX 4  
 
WORKPIECE HOLDING EXTENSION FOR ENABLING 
TWO-SIDE LMM OF WORKPIECES
 
Figure A4.1(a) provides a graphical overview of a workpiece holding device extension that 
was designed and implemented to enable two-side laser micro-processing routines. In 
particular, the proposed workpiece holding extension was designed for accurate and precise 
fixing of workpieces in the LMM platform as shown in Figure A4.1 In particular, the main 
components of the workpiece holding device include a main unit, a set of adaptor plates 
which can hold samples with different sizes and shapes, a spacer which ensures that the 
sample is hold firmly in the adaptor plate and a holder which keeps the adaptor plate firmly 
fixed to the main unit body throughout the machining operations. In addition, a standardized 
high precision pallet is employed to attach the modular workpiece holding extension to the 
rotary stage of the laser system. Figure A4.1(c) shows an overall view of the produced 
workpiece holding device that is implemented in the laser system to enable two-side 
processing operations of samples. The manufacturing benefits of such two-side laser mirco-
processing operations include capabilities to (i) increase twofold the aspect ratio of structures 
produced with LMM in comparison to those resulting from one-sided laser machining and (ii) 
to improve significantly the exit quality of produced through features and thus to match that 
of their respective entrances. In order to demonstrate these manufacturing capabilities, some 
experimental trials were performed and the results were analysed. In particular, the 
experimental trials, which have been performed to evaluate the proposed two-side laser 
micromachining strategy included the machining of circular through holes with different 
dimeters, i.e. 2 mm, 0.8 mm, 0.4 mm, 0.3mm, 0.2 mm, 0.1 mm, both with the two-side 
strategy and with the conventional one-side laser machining approach. In this way, it was 
possible to perform a direct comparison of the machining results obtained with the two 
strategies in terms of critical through holes characteristics, such as quality of the holes both at 
their entrances and exits and their achievable aspect ratios. 
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Figure A4.1. (a) The design of a workpiece holding device to enable two-side laser micro-
processing operations (b) Exploded view of the proposed workpiece holding extension and (c) 
An overall view of the produced workpiece holding devices, implemented in the laser system 
Figure A4.2(a) and (b) depict the quality at the entrance and exit of 0.2 mm diameter hole 
produced with the one-side laser machining strategy, respectively. It can be clearly seen that 
due to the side walls tapering effects, the quality at the hole exit was compromised in 
comparison to the hole entrance. In contrast, Figure A4.2 (c) and (d) clearly show that the 
quality of the hole entrance and exit respectively produced  with proposed two-side laser 
micromachining strategy is identical.  
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Figure A4.2. (a) entrance and (b) exit of 0.2 mm hole produced with one-side laser machining 
strategy, (c) entrance and (d) exit of 0.2 mm hole produced with two-side laser machining 
strategy 
Figure A4.3 also depicts a side view (depth profile) of the side wall of a 2 mm diameter hole 
in order to clearly show the side wall taper angle and depth profile, especially where the holes 
machined from the two sides meet. It can be also clearly seen in Figure A4.3 that with the 
automated tool for multi-axis laser machining with rotary stages (presented in Chapter 6), it 
was possible to compensate any positional errors resulting from the rotary movement of the 
workpiece and thus to ensure the high accuracy alignment of the laser machining operations 
executed from the two opposite sides of the substrate (exemplified in Figure A 4.3 by the 
smooth hole interface region and lack of any height steps that could arise due to inaccurate 
alignment of the geometries produced from the two opposite sides of a workpiece).  The 
increase of achievable aspect ratio could be explained by the fact that the workpieces can be 
processed from their two-opposite sides.  
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Figure A4.3. The hole side wall profile resulting from the two-side LMM strategy 
Note to Figure A4.3: The hole interface region is the region at which the machined holes from 
the two opposite sides on the sample meet. 
Finally, Figure A4.4 shows more holes with different diameters to exemplify the capabilities 
of the proposed workpiece holding device to enable two-side laser micro-processing 
operations.  
 
Figure A4.4. Examples of holes with different diameters (100 µm, 200 µm, 300 µm) produced 
with the proposed workpiece holding extension 
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APPENDIX 5  
 
IMPLEMENTATION OF THE ADAPTIVE POSTPROCESSOR 
(CHAPTER 5) AS A STAND-ALONE SOFTWARE TOOL  
 
Definition of program parameters (variables)  
In order to successfully implement the adaptive postprocessor as a stand-alone software tool, 
program parameters (variables) were first created, that were later used for writing the logical 
instructions of the postprocessor and thus to achieve its targeted functioning in generating 
machining commands. The following program parameters were created and defined in the 
DELCAM Postprocessor programming environment: 
 Beam_us – Laser beam diameter in microns 
 Compare_X_linear – Compares the x coordiantes of the Plunge and Cutting feed rate 
types from the Move Linear Command. Thus, it shows the length and direction of the 
machining vector in the x-direction. 
 Compare_X_rapid – Compares the x coordiantes of the Retract and Link move types from 
the Move Rapid Command. Thus, it shows the length and direction of the positioning 
vector in the x-direction. 
 Compare_Y_linear – Same as Compare_X_linear but for the y coordinates. 
 Compare_Y_rapid – Same as Compare_X_rapid but for the y coordinates. 
 Cutting angle – orientation angle of a machining vector 
 Hatch_angle –  defined in ArtCam; orientation of machining vectors in a layer in 
comparison to previous layer 
 Hatch_distance – defined in ArtCam; distance between machining vectors 
 Laser Off delay_us – Laser off delay in micro seconds 
 Laser On delay_us – Laser on delay in micro seconds 
 Machining error_mm – The deviation from nominal length of a machining vector (in mm) 
 Rapid_angle – the orientation angle of a positioning vector 
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 Rapid_angle_X – the length in x direction of a positioning vector, where this is calculated 
by taking the cos of (Cutting vector + 90 degress), because a positioning move should be 
90 degrees to a maching move 
 Rapid_angle_Y- same as Rapid_angle_X, but for the y-direction 
 Scaling_factor_mm- The length at certain speed with which to offset a machining vector 
 Scannning Speed_mm/s- the processing speed in mm/s 
 X_cutting -  X coordinate in Cutting feed rate type  
 X_link- the x coordinate when executing a link command (G0 move) 
 X_link_pos_max- the distance from the current X coordinate to the maximum X 
coordinate in a toolpath 
 X_link_pos_min- the distance from the current X coordinate to the minimum X 
coordinate in a toolpath 
 X_next_cutting- a scaled X coordinate when executing a G1 move 
 X_next_rapid- a scaled X coordinate when executing a G0 move 
 X_plunge-  X coordinate in Plunge  move type 
 X_rapid_dir_retract-  the length and orientation of retract move in x direction 
 X_retract- X coordinate in Retract move type 
 Y_cutting-  Y coordinate in Cutting feed rate type 
 Y_link - the y coordinate when executing a link command (G0 move) 
 Y_link_pos_max – same as X_link_pos_max, but for y direction 
 Y_link_pos_min – same as X_link_pos_min, but for y direction 
 Y_next_cutting- a scaled Y coordinate when executing a G1 move 
 Y_next_rapid- a scaled Y coordinate when executing a G0 move 
 Y_plunge-  Y coordinate in Plunge  move type 
 Y_rapid_dir_retract-  the length and orientation of retract move in y direction 
 Y_retract- Y coordinate in Retract move type 
Logical steps of the stand-alone postprocessor program 
The program is written and complied in DELCAM Postprocessor.The following bullet points 
describe the building blocks of the stand-alone postprocessor program, that were implemented 
to achieve its required functionality: 
 Program Start command 
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The Program Start command (shown in Figure A5.1) determines the content of the header of 
the generated g-code file. The command also calls a Script function (Parameters_Input shown 
in Figure A5.2), which allows defining important parameters for offsetting of machining 
vectors (Scanning Speed, Beam Diameter, Hatch distance and Hatch angle). Furthermore, 
machining error is estimated for the respective scanning speed and suitable scaling factor, 
Laser on delay and Laser off delay are also calculated. 
 
Figure A5.1. Program Start program building blocks 
 
Figure A5.2. Definition of a script function ‘’ Parameters_Input’’ 
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 First Move After Toolchange command: 
This is the first move in the body of the g-code file. Since the first machining layer is always 
in the horizontal (along x-axis) direction (0 degrees), the offsetting of machining vectors 
should be only in the x –direction (as shown in Figure A5.3).  
 
Figure A5.3 First Move After Toolchange program building blocks 
 Move Rapid command: 
This command outputs the positioning moves in the toolpath (G0 moves). In order to 
effectively offset the positioning vector conditional statements are defined in the body of the 
command. The length of a positioning vector is determined by subtracting X,Y coordinates of 
the LINK move type (end coordinates of a positioning vector) from the X,Y coordinates of 
the RETRACT move type (start coordinates of a positioning vector), while the orientation of 
the move vector can be found by taking the atan of positing vector length in y/ positioning 
vector length in x. Before introducing the conditional statements, other parameter which are 
calculated include Rapid_angle_X and Rapid_angle_Y. Since, cutting angle is a known 
parameter from the Move Linear command, it is known that the positioning vector should be 
90 degrees to the cutting angle and the sum of cos(Cutting angle + 90 degrees) + sin (Cutting 
angle +90 degrees) should be equal to the predefined hatch distance (as shown in Figure 
A5.4). 
Figure A5.4. Calculation of important conditional parameters in the Move rapid command 
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The first conditional statement in the Move rapid command building blocks (shown in Figure 
A5.5) is the main statement that triggers the outputting of the desired (scaled) positioning 
moves and can be applied regardless of the hatching style and direction. 
 
Figure A5.5. First Conditional Statement in the Move rapid command 
The sub-conditional statements in the first conditional statement that is shown in Figure A5.5 
are inserted in order to apply appropriate scaling of the positioning vector in the correct 
direction: 
(i) The direction of retract move in the negative x direction means the positioning vector 
should be scaled in the negative x direction.  
(ii) The direction of retract move in the positive x direction means the positioning vector 
should be scaled in the positive x direction. 
(iii) The direction of retract move in the negative y direction means the positioning vector 
should be scaled in the negative y direction. 
(iv) The direction of retract move in the positive y direction means the positioning vector 
should be scaled in the positive y direction. 
The second conditional statement in the Move rapid command program building 
blocks(shown in Figure A5.6) is introduced in order to output accurate positioning vectors 
when the G0 command is along the same machine track as the previous G0 move (in cases 
such as machining a donut shape). 
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Figure A5.6. Second Conditional Statement in the Move rapid command  
 
The third and final conditional statement in the Move rapid command (shown in Figure A5.7) 
is used to define the G0 commands when switching from one layer to the next and for the 
homing event at the end of the toolpath. In addition, it also incorporates a special feature that 
can filter the data and exclude those any zero length (ghost point) vectors from the CLdata 
files. 
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Figure A5.7. Third Conditional Statement in the Move rapid command 
 Move Linear command: 
This command outputs the machining moves in the toolpath (G1 moves). In order to 
effectively offset the positioning vector conditional statements are defined in the body of the 
command. The length of a positioning vector is determined by subtracting X,Y coordinates of 
the CUTTING feed rate type (end coordinates of a machining vector) from the X,Y 
coordinates of the PLUNGE feed rate type (start coordinates of a machining vector), while the 
orientation of the move vector can be found by taking the atan of machining vector length in 
y/ machining vector length in x. These important calculations are implemented in the Move 
linear command of the program as shown in Figure A5.8.  
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Figure A5.8. Calculation of important conditional parameters in the Move linear command 
Four conditional statements are incorporated in the Move linear command building blocks. 
The first conditional statement is used to filter the data and prevent from outputting 0 length 
(point) machining vectors. The second and third statements are used when the hatching style 
is either horizontal or vertical, while the fourth conditional statement is used for any hatching 
style. Figure A5.9 shows Conditional statements 1,2,3, while Figure A4.10 shows fourth 
conditional statement. 
 
Figure A5.9 First, Second and Third conditional statements in the Move linear command 
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Figure A5.10. Fourth conditional statement in the Move linear command 
 
 
 
 
 
 
 
 
 
 
208 
 
APPENDIX 6  
 
INTEGRATION OF THE ADAPTIVE POSTPROCESSOR 
(CHAPTER 5) IN DELCAM SOFTWARE ‘’ArtCAM’’ 
 
This appendix demonstrates the integration of developed stand-alone software tool (the 
implementation steps of the software are provided in Appendix 4) in ‘’ArtCAM’’ for 
generating machining code programs for complex laser machining jobs. Figure A6.1 shows 
the adaptive postprocessor integrated in the ‘’ArtCAM’’ list of machine file formats.  
 
Figure A6.1. The adaptive postprocessor integrated in ‘’ArtCAM’’ list of machine file 
formats 
In order to provide a clear demonstration of the capabilities of the adaptive postprocessor to 
create machining commands for complex laser machining jobs, an actual machining example 
is described in details in the following steps below. It should be noted here that in order to 
provide a clear demonstration of the capabilities of the postprocessor to counteract the 
negative dynamic effects of the optical beam deflection system and thus to provide 
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exceptional machining quality and ARR, the maximum processing speed of the integrated 
scanning system was used in the machining example, in particular 2m/s. 
STEP 1: Generating a complex 3D geometrical design 
Figure A6.2 shows the generated complex 3D design, which will be used for the machining 
example. In particular, it incorporates complex geometries and surface textures. 
 
Figure A6.2. Design of the machining example 
 
STEP 2: Generating a laser machining generic toolpath (CL data file) 
Figure A6.3 shows the generated generic toolpath (CL data file) that will be processed with 
the adaptive postprocessor in order to generate machine executable commands program. In 
particular, the generic toolpath or CL data is represented by the red lines in Figure A6.3.  
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Figure A6.3. Generic toolpath (CL data) represented by the red lines 
STEP 3: Utilization of the adaptive postprocessor for generating the machining 
commands program (G-code file)  
Figure A6.4 shows the utilization of the adaptive postprocessor in ‘’ArtCAM’’ for generating 
the part program G-code file, which will be used for machining the designed complex 
geometry.  
 
Figure A6.4. Generating the part program G-code file for the machining example 
The generated G-code file, which contains all NC commands, is shown in Figure A6.5. Since, 
the file contained thousands of NC commands, only the begging and end of the G-code file 
are shown in Figure A6.5. 
211 
 
 
Figure A6.5. The generated G-code program with the NC commands 
STEP 4: Uploading the generated G-code program in the laser system and machining of 
the designed complex geometry 
Following the generation of the G-code program, it is then loaded in the laser system software 
for performing the laser machining operations (as shown in Figure A6.6). 
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Figure A6.6. Loading of the generated G-code program in the laser system software 
 
Figure A6.7 shows the results of the laser machining operation. In particular Figure A6.7a 
shows a photograph of the laser machined geometry, while Figure A6.7b shows its pseudo-
colour representation. In addition, Figure A6.7c shows a close view of the region identified in 
Figure A6.7a, where it can be clearly seen that the machining geometry is identical to the 
designed geometry shown in Figure A6.2 (very high level of processing resolution is achieved 
and even surface textures with length scale comparable to the laser beam spot diameter (30 
µm) are produced as designs) and thus this demonstrates the capabilities of the adaptive 
postprocessor to enable high speed laser machining without sacrificing machining quality and 
accuracy.  In addition, Figure A6.8 shows more complex 3D geometries that have also been 
produced as part of the demonstration of the capabilities of the adaptive postprocessor to 
counteract the dynamic limitations of optical beam deflection system and thus to enable the 
execution of laser processing operations with the maximum dynamic capabilities of the 
integrated optical scanning systems without any sacrifices on machining accuracy and quality. 
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Figure A6.7: (a) A photograph of the laser produced 3D geometry; (b) a close view of the 
rectangular region identified in (a); (c) a pseudo-colour representation of the laser produced 
3D geometry 
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Figure A6.8. More machining examples to demonstrate the capabilities of the adaptive 
postprocessor: (a) a photograph of a laser produced 3D geometry; (b) a pseudo-colour 
representation of the laser produced 3D geometry shown in (a); (c) a photograph of a laser 
produced 3D geometry; (d) a pseudo-colour representation of the laser produced 3D geometry 
shown in (c) 
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APPENDIX 7  
 
MEASURMENTS RESULTS FOR THE DIMENSIONAL 
ACCURACY OF THE PRODUCED W-BAND AND WR3-BAND 
WAVEGUIDE FILTERS IN CHAPTER 6 
 
WR3-band waveguide filters 
A total of 20 WR3-band waveguide filters were produced, some of which are shown in Figure 
A7.1a. Tables A7.1 to A7.5 summarize the dimensional results from the performed 
measurements on five produced filters (Figure A7.1b shows the numbering convention for the 
walls that is used in the Tables). 
 
Figure A7.1. (a) A photograph of some produced WR3-band waveguide filter; (b) a 
numbering convention for the walls of the waveguide functional feature that is used in the 
dimensional measurements of the filters 
216 
 
 
T
able A
7.1. D
im
ensional m
easurem
ents of fabricated W
R
3-band w
aveguide 1 
 F
ilter 
F
eature 
D
im
ension
s of Sam
ple 1 
N
om
in
al 
D
im
ension
s 
[µ
m
] 
A
ctual D
im
ension
al M
easu
rem
ents [µ
m
] 
M
easu
rem
ents on front filter face 
M
easu
rem
ents on b
ack filter face 
A
verage 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
 
W
all 1 
1495.0 
1497.2 
1497.1 
1497.5 
1497.0 
1497.2 
1497.4 
1497.3 
1497.5 
1497.6 
1497.6 
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W
all 2 
864.0 
864.5 
864.1 
864.3 
863.8 
863.7 
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574.8 
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573.8 
575.0 
572.9 
574.5 
574.0 
W
all 5 
648.0 
649.5 
652.4 
654.1 
650.3 
649.9 
652.1 
651.5 
652.0 
651.0 
651.2 
651.4 
W
all 6 
473.0 
471.5 
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469.4 
469.8 
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251.7 
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251.1 
252.7 
251.8 
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250.9 
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W
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865.2 
867.1 
866.6 
865.1 
865.3 
867.8 
867.5 
866.4 
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432.0 
433.5 
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433.9 
434.8 
436.1 
437.5 
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all 1 
1495.0 
1496.2 
1498.2 
1495.3 
1499 
1492.3 
1493.5 
1496.6 
1498.7 
1499.6 
1495.6 
1496.5 
W
all 2 
864.0 
862.1 
863.5 
868.1 
867.8 
867.5 
864.8 
865.1 
862.4 
863.9 
865.1 
865.0 
W
all 3 
60.0 
59.9 
58.9 
60.9 
61.8 
62.5 
59.9 
58.6 
61.3 
60.6 
58.9 
60.3 
W
all 4 
571.0 
572.5 
571.9 
573.8 
575.1 
576.8 
572.6 
571.9 
572.6 
572.6 
571.6 
573.1 
W
all 5 
648.0 
647.9 
649.8 
651.6 
652.5 
651.2 
653.2 
648.8 
650.8 
651.2 
649.6 
650.7 
W
all 6 
473.0 
473.2 
477.5 
470.6 
476.1 
469.9 
468.8 
472.5 
468.3 
468.1 
469.4 
471.4 
W
all 7 
257.0 
253.5 
254.6 
255.8 
256.9 
252.6 
251.9 
255.6 
251.1 
252.6 
251.3 
253.6 
W
all 8 
864.0 
862.3 
863.5 
864.7 
867.1 
865.2 
867.5 
865.3 
867.4 
865.6 
864.3 
865.3 
D
epth 
432.0 
438.3 
436.8 
439.6 
432.9 
433.5 
432.6 
437.8 
434.5 
433.7 
438.4 
435.8 
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1495.0 
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1498.6 
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61.1 
61.4 
61.9 
61.7 
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58.6 
58.9 
60.7 
W
all 4 
571.0 
576.3 
577.8 
572.3 
575.8 
574.9 
574.8 
572.1 
573.6 
571.7 
571.4 
574.1 
W
all 5 
648.0 
654.3 
649.3 
648.9 
653.3 
650.6 
651.3 
649.6 
652.3 
652.8 
648.6 
651.1 
W
all 6 
473.0 
472.6 
476.9 
476.2 
469.6 
465.3 
473.3 
469.6 
469.7 
471.7 
468.9 
471.4 
W
all 7 
257.0 
255.4 
252.3 
255.2 
250.8 
251.7 
254.6 
256.6 
254.8 
250.9 
251.3 
253.4 
W
all 8 
864.0 
864.9 
863.1 
866.2 
866.8 
864.9 
864.3 
867.1 
864.3 
865.7 
867.4 
865.5 
D
epth 
432.0 
435.8 
432.9 
432.1 
439.8 
440.1 
436.5 
432.9 
433.3 
435.9 
439.7 
435.9 
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W
all 1 
1495.0 
1499.9 
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1496.9 
1495.2 
1493.8 
1493.6 
1498.6 
1498.7 
1497.9 
1496.9 
1497.2 
W
all 2 
864.0 
864.7 
867.2 
862.9 
865.8 
867.6 
867.3 
864.2 
863.2 
862.8 
863.4 
864.9 
W
all 3 
60.0 
63.1 
59.3 
62.7 
60.5 
59.3 
62.4 
61.9 
59.7 
59.7 
62.6 
61.1 
W
all 4 
571.0 
573.9 
578.2 
572.3 
576.3 
572.6 
576.3 
573.2 
570.9 
571.6 
573.4 
573.9 
W
all 5 
648.0 
654.2 
650.1 
652.3 
650.9 
651.3 
651.7 
651.4 
653.1 
649.8 
651.6 
651.6 
W
all 6 
473.0 
470.5 
472.6 
469.9 
470.9 
473.6 
472.9 
471.8 
468.6 
470.1 
469.3 
471.0 
W
all 7 
257.0 
252.9 
254.1 
255.6 
251.9 
255.7 
252.2 
251.1 
253.7 
251.9 
250.6 
253.0 
W
all 8 
864.0 
866.2 
864.1 
867.6 
865.4 
866.1 
865.8 
863.9 
867.2 
867.4 
866.7 
866.0 
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epth 
432.0 
432.8 
433.6 
438.7 
435.2 
437.9 
432.4 
435.2 
437.7 
436.9 
440.1 
436.1 
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all 1 
1495.0 
1495.6 
1497.7 
1496.4 
1494.8 
1496.5 
1497.8 
1495.2 
1496.8 
1494.9 
1497.8 
1496.4 
W
all 2 
864.0 
864.3 
863.7 
864.1 
864.9 
865.9 
864.7 
862.9 
863.1 
862.6 
862.3 
863.9 
W
all 3 
60.0 
62.2 
60.3 
61.8 
59.9 
60.8 
61.3 
60.6 
59.6 
60.1 
58.8 
60.5 
W
all 4 
571.0 
573.1 
574.8 
571.9 
575.8 
574.9 
573.3 
572.1 
573.6 
572.4 
571.9 
573.4 
W
all 5 
648.0 
652.3 
649.8 
651.8 
651.2 
650.7 
651.4 
650.9 
648.9 
650.8 
651.3 
650.9 
W
all 6 
473.0 
471.4 
470.9 
468.9 
472.3 
472.9 
471.5 
470.8 
469.1 
471.5 
473.1 
471.2 
W
all 7 
257.0 
250.9 
253.1 
251.7 
254.6 
253.6 
251.3 
254.1 
253.8 
252.9 
255.3 
253.1 
W
all 8 
864.0 
865.1 
864.9 
868.2 
864.8 
867.2 
865.4 
864.1 
865.3 
864.2 
867.8 
865.7 
D
epth 
432.0 
434.8 
433.9 
438.4 
436.3 
436.2 
435.1 
434.5 
436.7 
433.8 
432.9 
435.3 
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W-band waveguide filters 
A total of 20 W-band waveguide filters were produced, some of which are shown in Figure 
A7.2a. Tables A7.6 to A7.10 summarize the dimensional results from the performed 
measurements on the produced W-band filters (Figure A7.2b shows the numbering 
convention for the walls that is used in the Tables). 
 
Figure A7.2. (a) A photograph of some produced W-band waveguide filter; (b) a numbering 
convention for the walls of the waveguide functional features that is used in the dimensional 
measurements of the filters 
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2537.4 
2540.1 
2538.5 
2541.6 
2538.7 
2537.2 
2537.1 
2538.1 
2537.6 
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W
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4716.3 
4715.7 
4713.7 
4715.6 
4716.5 
4717.2 
4713.8 
4714.1 
4715.5 
4715.3 
4715.4 
W
all 5 
2540.0 
2539.6 
2542.3 
2541.2 
2541.7 
2541.8 
2542.8 
2538.9 
2539.9 
2541.6 
2540.9 
2541.1 
W
all 6 
690.0 
694 
690.6 
690.2 
692.1 
692.3 
693.5 
693.7 
690.5 
693.8 
693.2 
692.4 
W
all 7 
1941.0 
1939.4 
1936.8 
1940.8 
1938.7 
1939.3 
1941.2 
1940.3 
1938.8 
1939.6 
1939.5 
1939.4 
W
all 8 
1288.0 
1285.3 
1288.1 
1289.8 
1284.9 
1290.1 
1288.6 
1289.4 
1287.3 
1288.1 
1289.7 
1288.1 
D
epth 
1270.0 
1273.1 
1271.8 
1267.4 
1269.1 
1270.5 
1272.3 
1270.9 
1271.1 
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1270.2 
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2540.0 
2538.1 
2539.2 
2541.6 
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2541.8 
2539.7 
2538.9 
2539.4 
2540.4 
2538.7 
2539.8 
W
all 2 
500.0 
498.8 
501.6 
501.7 
498.7 
502.3 
499.7 
498.3 
501.9 
498.4 
497.9 
499.9 
W
all 3 
1683.0 
1682.4 
1685.3 
1679.9 
1683.4 
1684.2 
1680.3 
1683.3 
1684.7 
1680.3 
1679.9 
1682.4 
W
all 4 
4723.0 
4716.8 
4720.3 
4721.1 
4722.2 
4716.2 
4715.3 
4717.6 
4718.2 
4716.9 
4715.4 
4718.0 
W
all 5 
2540.0 
2540.9 
2543.1 
2539.9 
2544.4 
2544.1 
2546.7 
2540.7 
2541.3 
2542.1 
2540.8 
2542.4 
W
all 6 
690.0 
689.5 
690.1 
693.7 
689.9 
691.4 
688.9 
692.3 
692.6 
692.4 
691.8 
691.3 
W
all 7 
1941.0 
1939.6 
1938.5 
1941.1 
1942.3 
1939.7 
1941.4 
1940.9 
1941.7 
1941.2 
1940.6 
1940.7 
W
all 8 
1288.0 
1290.3 
1289.7 
1291.2 
1289.9 
1291.8 
1291.4 
1288.9 
1290.1 
1292.5 
1288.6 
1290.4 
D
epth 
1270.0 
1271.2 
1275.1 
1276.8 
1270.9 
1271.1 
1273.1 
1272.4 
1275 
1274.3 
1272.2 
1273.2 
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2540.0 
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2539.2 
2538.9 
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2538.3 
2539.1 
2538.9 
2539.4 
W
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500.0 
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499.9 
498.7 
501.4 
500.8 
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W
all 3 
1683.0 
1683.5 
1687.1 
1682.9 
1683.8 
1684.0 
1683.7 
1682.8 
1681.4 
1683.1 
1681.5 
1683.4 
W
all 4 
4723.0 
4717.4 
4718.3 
4715.6 
4719.8 
4716.2 
4717.7 
4715.3 
4715.0 
4716.4 
4716.8 
4716.9 
W
all 5 
2540.0 
2543.6 
2541.9 
2540.4 
2544.7 
2546.1 
2540.8 
2541.7 
2542.9 
2541.1 
2542.1 
2542.5 
W
all 6 
690.0 
691.8 
690.4 
694.7 
691.5 
693.2 
692.7 
690.9 
691.1 
690.6 
691.8 
691.9 
W
all 7 
1941.0 
1941.5 
1943.2 
1939.4 
1940.0 
1938.9 
1942.1 
1941.7 
1939.8 
1940.6 
1938.7 
1940.6 
W
all 8 
1288.0 
1290.7 
1289.2 
1292.4 
1288.7 
1288.9 
1290.1 
1288.6 
1290.7 
1291.3 
1288.5 
1289.9 
D
epth 
1270.0 
1274.3 
1271.6 
1270.8 
1271.3 
1273.5 
1272.1 
1272.4 
1273.9 
1271.8 
1273.4 
1272.5 
T
able A
7.9. D
im
ensional m
easurem
ents of fabricated W
-band w
aveguide 4 
F
ilter 
F
eature 
D
im
ension
s of Sam
ple 4 
N
om
in
al 
D
im
ension
s 
[µ
m
] 
A
ctual D
im
ension
al M
easu
rem
ents [µ
m
] 
M
easu
rem
ents on front filter face 
M
easu
rem
ents on b
ack filter face 
A
verage 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
 
W
all 1 
2540.0 
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2540.5 
2541.7 
2538.8 
2538.4 
2539.9 
2538.1 
2539.3 
2537.6 
2537.4 
2539.0 
W
all 2 
500.0 
502.1 
501.8 
500.7 
500.5 
501.3 
502.2 
499.1 
501.3 
502.4 
503.1 
501.5 
W
all 3 
1683.0 
1681.4 
1684.6 
1682.2 
1682.9 
1685.4 
1680.5 
1682.5 
1681.6 
1684.1 
1682.2 
1682.7 
W
all 4 
4723.0 
4719.8 
4718.6 
4720.2 
4721.5 
4719.3 
4718.3 
4719.3 
4718.1 
4716.5 
4717.1 
4718.9 
W
all 5 
2540.0 
2539.9 
2541.2 
2542.1 
2540.8 
2542.3 
2538.9 
2543.1 
2538.5 
2539.5 
2541.7 
2540.8 
W
all 6 
690.0 
693.2 
689.6 
692.8 
690.4 
693.5 
692.8 
689.6 
693.5 
693.2 
692.7 
692.1 
W
all 7 
1941.0 
1942.5 
1940.6 
1939.2 
1941.5 
1939.4 
1938.2 
1942.3 
1942.1 
1941.6 
1941.7 
1940.9 
W
all 8 
1288.0 
1287.3 
1288.5 
1289.9 
1291.4 
1292.1 
1289.9 
1290.7 
1291.6 
1290.7 
1292.4 
1290.5 
D
epth 
1270.0 
1270.7 
1271.4 
1272 
1273.8 
1270.1 
1271.6 
1274.8 
1269.9 
1270.7 
1271.5 
1271.7 
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2540.9 
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2538.5 
2540.6 
2539.4 
2541.1 
2539.2 
2538.1 
2539.8 
2539.9 
W
all 2 
500.0 
499.6 
501.9 
501.5 
502.2 
499.5 
503.1 
502.7 
501.7 
502.9 
503.5 
501.9 
W
all 3 
1683.0 
1680.5 
1681.4 
1680.9 
1682.1 
1682.4 
1683.5 
1681.5 
1683.7 
1683.5 
1681.4 
1682.1 
W
all 4 
4723.0 
4721.1 
4716.9 
4718.8 
4719.6 
4719.5 
4718.2 
4717.8 
4717.2 
4716.8 
4717 
4718.3 
W
all 5 
2540.0 
2542.7 
2542.9 
2541.1 
2543.9 
2540.9 
2541.4 
2542.5 
2541.8 
2540.7 
2540.5 
2541.8 
W
all 6 
690.0 
690.4 
692.6 
691.5 
694.1 
694.8 
690.2 
691.3 
690.3 
691.1 
690.2 
691.7 
W
all 7 
1941.0 
1938.8 
1940.2 
1939.7 
1939.6 
1941.2 
1938.2 
1942.1 
1939.9 
1940.0 
1938.8 
1939.9 
W
all 8 
1288.0 
1288.9 
1291.4 
1290.5 
1288.7 
1287.3 
1290.4 
1287.8 
1288.6 
1287.1 
1288.3 
1288.9 
D
epth 
1270.0 
1273.6 
1274.1 
1270.9 
1271 
1271.9 
1272.4 
1272.5 
1272.3 
1273.5 
1273.8 
1272.6 
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